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ABSTRACT
The main objectives o f this research are to evaluate MnC>2 plugging effects on remedial 
efficiency of pooled tetrachloroethylene (PCE) using KMnC>4 solution under a high pH 
condition, to develop and test a three-dimensional numerical model, and to validate the 
model with experimental data. Additional studies conducted to achieve the thesis 
objectives include kinetic studies o f KMn0 4  oxidation with PCE at high pH. The kinetic 
studies o f KMn0 4  oxidation o f PCE were conducted using a sodium carbonate solution (1 
g/1, pH=10.6 + 0.1) at three different temperatures (5, 10, and 20 °C) and three KMnC>4 
concentrations (0.2, 1, and 5 g/1). Extensive kinetic studies suggest that the overall 
oxidation is a second-order reaction and pseudo-first-order with respect to PCE and 
KMn0 4 ; respectively. The second-order rate constant and the activation energy were 
0.028 ± 0.001 M 'V 1 at 20 °C and 43.9±2.85 kJ/M, respectively.
A two-dimensional KMn0 4  oxidation experiment to remove a PCE pool has been 
conducted for nearly one year to investigate the reactive transport behavior of the system 
under a variety of conditions. A high pH buffered solution (10.5) was used to reduce 
carbon dioxide degassing. Effluent C1‘ concentration was measured to determine PCE 
removal rate and used for numerical model validation. Experimental results obtained 
during the KMn0 4  flush show that MnC>2 appears to reduce the permeability in the 
reaction zone and hence reduce the PCE removal rate. Approximately 50% of the PCE 
mass was removed after 200 days. Removal rate increased with increasing KMnC>4 
concentration and averaged approximately 25 times greater than through dissolution alone 
with an injected KMnC>4 solution at 10 g/1.
iii
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RT3D and MODFLOW codes have been partially coupled to simulate the oxidation 
processes. Permeability reduction due to presence o f dense non-aqueous phase liquid 
(DNAPL) and MnC>2 precipitation is incorporated in MODFLOW. In this work, 
numerical simulation results provide a reasonable match to experimental data indicating 
that the numerical model including assumptions, numerical approach, and functional 
equations for Mn0 2  plugging and mass transfer, are reasonable for conditions used in the 
two-dimensional experiment. Numerical simulation results show that Mn0 2  plugging has 
adverse effects on NAPL removal rate at later stages o f a KMn0 4  flush. Results suggest 
that a method to reduce Mn0 2  precipitation will improve removal rates and may even be 
necessary before KMnCL can completely remove DNAPL mass.
iv
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CHAPTER 1 INTRODUCTION
Groundwater plays a very important part in potable water supplies, agriculture irrigation, 
and surface water budgets. On one hand, groundwater is relatively difficult to 
contaminate due to the protection o f soil covers above aquifers. On the other hand, once 
contaminated, groundwater is also difficult to clean up due to the complex geological 
structure o f the aquifers and difficulty in delivering treatment methods. Thus, 
investigation of groundwater protection and remediation approaches has expanded 
remarkably in the past few decades. However, little attention was paid to the behavior of 
dense chlorinated solvents and other dense non-aqueous phase liquids (DNAPLs) in 
subsurface prior to the 1980s. Knowledge about what measures should be taken for the 
remediation of sites contaminated with DNAPLs is still unsatisfactory (Pankow and 
Cherry, 1996). Subsurface contamination in the form of DNAPLs poses a significant, yet 
seemingly unresolvable remediation problem. When chlorinated hydrocarbons, such as 
tetrachloroethylene (PCE) and trichloroethylene (TCE) are present in an aquifer, it is 
generally recognized as a serious environmental problem due to their physical and 
chemical properties (low solubility and relatively high toxicity). Small amounts o f these 
solvents can contaminate a large volume of groundwater while simultaneously creating 
technical problems in the application of conventional groundwater treatment 
technologies. Fifty liters o f TCE can impact an area 1,000 meters in length, 100 meters in 
width, and 20 meters in depth with an average concentration of 100 pg/1. One typical 
industrial drum (215 liters in size) can, therefore, impact a very large area (Friedrich, 
1988). PCE and TCE are both products of the petrochemical industry. Uses o f PCE and
1
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TCE include the following: as solvent in dry-cleaning operations; as a metal degreaser; as 
septic tank cleaners; as a solvent for greases, waxes, and dyeing; in the manufacturing of 
paint removers and printing inks; in the manufacture o f trichloroacetic acid; and in the 
manufacture of fluorocarbons. Some important physical and chemical characteristics of 
PCE and TCE are listed in the following Table 1.1.




Melting Point -22.7 °C -87 °C
Boiling Point 121.4 °C 86.7 °C
Vapor Pressure (mm Hg) 24 mm at 30 °C 95 mm at 30 °C
Specific Gravity 1.626 at 20 °C 1.46 at 20 °C
Odour Chlorinated Solvent Chlorinated Solvent
Viscosity 0.54 centistoke 0.39 centistoke
Sources: Verschueren, (1983); Cheremisinoff, (1990); Barbee, (1994); Young et al., (1999).
Ingestion or inhalation o f high levels of TCE may cause nervous system effects, liver and 
lung damage, abnormal heartbeat, coma, and possibly death. Acute hepatic necrosis has 
followed human exposure (Gosselin et al., 1984).
TCE has been found in at least 852 of the 1,430 National Priorities List sites identified by 
the Environmental Protection Agency (EPA, US). A survey of ground water quality at 
479 waste disposal sites showed that chlorinated solvents were detected. O f these, TCE 
was the most frequently detected constituent (Plumb, 1991; Barbee, 1994). The EPA has 
set a Maximum Concentration Level (MCL) for TCE and PCE in drinking water at 0.005 
mg/1. Some common chlorinated solvents and their MCLs for drinking water set by EPA
2
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and Maximum Acceptable Concentration (MAC) set by Health Canada are given in Table 
1.2 .











1,2-Dichloroethane 8,690 0.005 0.005 2 x l 0 6
Carbontetrachloride 785 0.005* 0.005 2 x l 0 5
Methylenechloride 2 0 , 0 0 0 0 .0 1 * 2 x l 0 6
Chloroform 8 , 2 0 0 0 . 1 0 .1 **
oX00
T etrachloroethylene 150 0.005 0.03 3xl0 4
T richloroethy lene 1 , 1 0 0 0.005 0.05 2 x l 0 5
*New York State Department o f  Environment Conservation Guidelines for Groundwater. 
**Interim Maximum Acceptable Concentration (IMAC).
Since chlorinated organic solvents are uncharged, nonionic chlorinated molecules and 
aquifer material typically has low organic carbon content, dissolved chlorinated solvents 
are not strongly adsorbed and tend to be quite mobile (Barbee, 1994). Dragun (1988) 
presents a mobility classification scheme based on KoC (organic carbon/water partition 
coefficient), in which Koc less than 50, 50 to 150, and 150 to 500 ml/g are considered very 
mobile, mobile and intermediate in mobility, respectively. Chlorinated organic solvents 
are mobile to very mobile in groundwater because their Koc values are typically less than 
150 ml/g.
The high densities o f the chlorinated solvents (1.2 to 1.7 g/cm3) mean that they can move 
in unsaturated and saturated zones to great depths if continuous less permeable or 
impervious layers are absent. The relatively low viscosities of the chlorinated solvents
3
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permit relatively rapid downward movement into the subsurface. The kinematic viscosity 
o f TCE and PCE is 0.39 and 0.54 centistoke, respectively, as compared to water at 1 
centistoke (Barbee, 1994; Young et al., 1999). Chlorinated solvent mobility in the 
subsurface increases with increasing density/viscosity ratios (Cohen and Mercer, 1993).
The low solubility o f the chlorinated solvents (typically on the order o f hundreds of 
milligram per liter) will permit small pools to persist for decades or centuries as 
contamination sources. Solubility o f the chlorinated solvents in water are still much 
higher than the MCLs set by US EPA (Johnson and Pankow, 1992a,b) or MACs set by 
Health Canada (see Table 1.2), so exceedences often occur. The high transport mobility 
o f the chlorinated solvents means that soil will not significantly hinder aqueous phase 
transport in both the unsaturated and saturated zones. Chlorinated solvents are not readily 
degraded, either by biotic or abiotic reactions, and subsurface lifetimes of these 
chlorinated solvents can be very long. A great deal o f time, effort, and money is presently 
being expended to develop remedial measures to clean up aquifers contaminated with 
chlorinated solvents. These measures include traditional methods, such as pump-and- 
treat, as well as innovative remedial techniques, such as in situ chemical oxidation 
(ISCO).
ISCO using potassium permanganate (KMnO,*) is an innovative technology currently 
under intensive laboratory, pilot-scale, and field-scale testing. The use o f KMn0 4  to 
oxidize the contaminants into harmless products [carbon dioxide (CO2 ), manganese 
dioxide (MnC>2 ), water and salts] offers a number o f advantages over other treatment 
methods. However, laboratory and pilot-scale tests also showed that the oxidation end
4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
products, such as CO2 and MnC>2 , have potential negative effects, which could limit 
removal efficiency of the chlorinated compounds. Laboratory and numerical studies are 
needed to improve understanding o f the oxidation processes, which may lead to 
improvement in field application.
Objective and Scope
The main objective of the thesis is to develop and test a three-dimensional numerical 
model for simulation of ISCO of chlorinated solvents using KMn0 4  and validate the 
model with experimental data. The oxidation model utilizes well-known public domain 
groundwater flow and transport codes MODFLOW and RT3D. Modifications to these 
codes include: coupling o f flow and transport solutions, incorporation of a permeability 
reduction relationship due to manganese dioxide precipitation and presence of DNAPL, 
and incorporation of ISCO reaction processes. A well-controlled two-dimensional 
laboratory experiment was conducted to provide data for the numerical model. Kinetic 
studies o f KMn0 4  oxidation with PCE at high pH (approximately at 10.5) were conducted 
to provide additional data required for simulation of the ISCO reaction.
Numerical modeling and two-dimensional experiment results provide information on 
potential treatment time, removal rate, and impact of porous medium plugging. The 
model is limited to single-phase density independent flow.
5
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Thesis Organization
Chapter 1 provides an introduction to DNAPL contamination and provides thesis 
objectives. Chapter 2 provides a literature review o f ISCO using permanganate, DNAPL 
mass transfer, and numerical modeling o f the ISCO process. Chapter 3 includes the 
kinetic studies o f the PCE-KMn0 4  reaction, which were investigated in a sodium 
carbonate buffer solution (1 g/1, pH=10.50-10.70) at three different temperatures (5, 10, 
and 20 °C) and three different KMn0 4  concentrations (0.2, 1, and 5 g/1). Chapter 4 
includes the experiment set up, experiment procedures, materials, and analytical methods 
for the two-dimensional ISCO experiment, and provides validation data for numerical 
model development. Chapter 5 discusses the numerical model development and 
application. In this study, RT3D and MODFLOW codes have been coupled so that the 
flow field is periodically updated using reaction and transport results from RT3D. 
Permeability reduction due to presence of non-aqueous phase liquid (NAPL) and Mn0 2  
precipitation is incorporated in MODFLOW. Numerical simulation results are validated 
using experimental results from Chapter 4. Chapter 6  provides a summary and 
conclusions from both experiment and numerical studies and recommendations for further 
investigation.
6
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CHAPTER 2 LITERATURE REVIEW
2.1 INTRODUCTION
Several issues related to in situ chemical oxidation (ISCO) and reactive transport 
modeling are addressed in this literature review. The first section is focused on ISCO. The 
second and third sections focus on inter-phase mass transfer issues with and without 
chemical oxidation in porous medium. The final section is a review on numerical 
modeling of reactive transport processes in the subsurface.
2.2 REVIEWS ON GROUNDWATER CLEANUP METHODS
2.2.1 Chemical Flooding
In a traditional pump-and-treat system, contaminated groundwater plumes are captured 
and pumped to surface for treatment. If water is continually pumped and no new 
contaminant sources are added, the contaminants will eventually be eliminated over time. 
As an example, this method was used in Santa Clara Valley, California, where forty-two 
pump-and-treat systems had been operating for more than five years as of 1992 and 
achieved certain degree of success (Bartow and Davenport, 1995). However, the process 
is typically highly inefficient where chlorinated solvents are present due to rate-limited 
mass transfer, heterogeneous DNAPL distribution, and low aqueous solubility of most 
DNAPLs. Even if pooled DNAPL can be totally dissolved away, there is a strong 
possibility that contaminants will remain in aquitards or low-permeability layers on which
7
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the pools originally formed (Johnson and Pankow, 1992a,b; Imhoff et al., 1998), adding 
additional years of cleanup. However, pump-and-treat technology may be combined with 
other remedial alternatives, such as thermal (use of steam, heated water, direct heat) 
heating to alter temperature-dependent properties of contaminants in situ to facilitate their 
mobilization, solubilization, volatilization, and removal (Falta et al., 1992a,b; Heron et 
al., 1998). Other approaches may include solution flooding (surfactants, solvents, 
cosolvents, acids, bases, or oxidants, etc.), for example, surfactant-enhanced aquifer 
remediation (SEAR) as a remediation technology for recovering entrapped organic 
residuals (Pennell et al., 1993a,b; Brown et al., 1994; Michalski et al., 1995; Grimberg et 
al., 1996; Hayworth and Burris, 1997a,b), and alcohol flooding (Brandes and Farly, 1993; 
Hayworth and Burris, 1997a,b; Falta, 1998).
2.2.2 In Situ Chemical Oxidation
ISCO is one o f several innovative technologies that show promise in destroying or 
degrading a variety o f organics in groundwater and soil. The oxidants used are readily 
available and relatively inexpensive. The common oxidants used in groundwater are 
hydrogen peroxide (H2 O2 ), known as Fenton’s Reagent when combined with ferrous iron 
as a catalyst (Edwards, 1960; Sedlak and Anders, 1991; Ravikumar and Gurol, 
1993,1994), ozone (O3 ) (Bailey, 1978; Yurteri and Gurol, 1990; Akata and Gurol, 1993; 
Grosjean et al., 1993), potassium permanganate (KMn0 4 ) (Schnarr et al., 1998; Huang et 
al., 1999; Yan and Schwartz, 1999; Hood et al., 2000; MacKinnon and Thomson, 2002), 
and, to a lesser extent, dissolved oxygen.
8
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Chemical oxidation technologies using H2 O2 and O3 have been commercially available 
for the past few decades in wastewater treatment. During the mid-1990s, these oxidants 
were used in groundwater in situ treatment. Initially, H2 O2  was used as an oxygen 
provider for biological oxidation in the subsurface. Later, H2 O2 has been used to directly 
oxidize the organics (Dasappa and Loehr, 1991; Lin and Gurol, 1996). H2 O2 is a very 
strong oxidant. Table 2.1 shows the relative oxidation power of several common chemical 
oxidants.










Peroxide 1.31 Bromine 0.80
Atomic Oxygen 1.78 PotassiumPermanganate 1.24 Iodine 0.54
Source: Nyer And Vance, 1999.
Potassium permanganate (KMn0 4 ) has high aqueous solubility (approximately 65 g/1) 
and is more stable in the subsurface than H2 O2 (Huang et al., 1999; Yan and Schwartz,
1999), making delivering of KMn0 4  to contaminated zones more effective. KMn0 4  is 
therefore recognized as a potentially effective oxidant where persistence in the subsurface 
is desirable. The mechanism of reaction of this system is based on the metal-oxo reagent 
(Stewart, 1965). KMn0 4  directly attacks the double carbon-carbon bond and several 
intermediate compounds are involved, e.g. formic acid, glycolic acid, and oxalic acid 
(Yan and Schwartz, 2000). The overall reaction between KMnCL and trichloroethylene 
(TCE) is a second-order reaction and may be expressed as
9
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2KM n04  + C2 HCI3 -> 2C 0 2 (g) + 2M n02(S) + 3C1' +2K+ + H+ 2.1
This reaction equation shows that two moles o f K M n0 4  react with one mole TCE and 
generate two moles solid M n0 2 and three moles Cl'. The second-order reaction rate for 
K M n04  and TCE is 0 .66  M ’V 1 (Yan and Schwartz, 1999). Table 2.2 shows summary of 
published second-order reaction rates for TCE with K M n04.
Table 2.2 Published Second-order Reaction Rates for TCE and KM n04
Experimental Conditions Second-order Rate Constant, M 'ls' 1 Source
Temperature=20°C; pH=7.0 
(Phosphate buffer, 1=0.05M); 
TCE=0.16-0.19 mM; 
K M n04 = l.6-6.3 mM
0.89 ±0.03 Huang et al., (1999)
Room Temperature; pH= 8.0 
(Contaminated Site Groundwater); 
TCE=0.008 mM;
KMnO4 =0.7 mM.





0.66 ±0.03 Yan and Schwartz, (1999)
Room Temperature; 
pH=6 - 8  (DI and tap Water); 
TCE=0.08 mM; 
KMnO4=0.32 mM.
0.79b (DI Water) 
0.85 (Tap Water) Vella and Veronda, (1992)
aThis value is estimated from the rate constant (0.00084 M 'V  for PCE vs. K M n04, for the reaction rate 
TCE vs. K M n04 is reported as 50 times o f  PCE (Tratnyek et al., 1998).
bValues estimated from the pseudo-first-order rate constants reported by Vella and Veronda, (1992). 
Sources: Huang et al., (1999).
K M n04  can also effectively oxidize PCE in a wide range of pH and experiment results 
showed that pH had little to no effect on the oxidation rate o f PCE using KM n0 4  (Oberle 
and Schroder, 2000; Huang et al., 2002). However, under different pH conditions, the
10
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reaction pathways may be different and result in different end products. MnC>2 is the
2 d-favorable Mn species between pH 3.5 and 12. Below a pH of 3.5, Mn can be formed 
(MacKinnon and Thomson, 2002). The reaction between KMnC>4 and PCE is more 
complex than reaction with TCE, which appears to follow Eq. 2.1 regardless of pH. The 
reaction between KMnC>4 and PCE was suggested by Schnarr et al. (1998) as 
2 M n 0 4 + C2 CI4 —> 2 CC>2 (g) + 2 Mn0 2 (s) + CI2 + 2C1 2.2
Shnarr et al. (1998) assumed that the CI2  is an intermediate product and that Cl" would be 
the sole chlorine species present after some time. Based on work from Schnarr et al.
(1998), Hood et al. (2000) proposed that the reaction was proceeding according to 
4M nO'  + 3C2 C14 + 4H20  -> 6C 0 2 (g) + 4M n02(S) + 12CT + 8 H+ 2.3
In acid condition (pH <3.5), MacKinnon and Thomson (2002) proposed that the reaction 
was proceeding according to
4MnO ~ + 5C2 C14 + 4H20  10CO2(g) + 4Mn2+ + 20C1" + 8 H+ 2.4
Another reaction relation was suggested by Zhang and Schwartz (2000) as 
2MnO 4 + C2 C14 —> 2C 02(g) + 2M n0 2 (S) + 4C1 2.5
Equation 2.5 agrees with Equation 2.2 if all Cl2 converts to chloride. However, in this 
reaction, the electrical charge is unbalanced, which indicated that this reaction generated 
proton acidity (two protons). Nelson et al. (2001) had examined the reaction between 
KMnC>4 and PCE accompanied by geological processes, such as calcite and dolomite 
dissolution, which buffered the pH at 5.8-6.5. In the buffered reaction zone, the measured 
aqueous Ca/Cl ratio is close to 5:12, consistent with the following reaction for the PCE 
oxidation in a carbonate-rich reaction (Nelson et al., 2001)
4MnO ~ + 3C2 C14  + 5CaC03 + 2H+ 1 lC 0 2 (g) + 4M n02(s) +H20  + 12C1* + 5Ca2+ 2.6
11
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It is of interest to note that under different pH conditions, the reactions have different 
stoichiometry.
Furthermore, M n0 2 may also catalyze decomposition of KMnC>4 (Rees, 1987; Huang et 
al., 1999)
4MnO " + 2H20  M n ° 2 > 3 0 2(g) + 4M n02(s) + 40H ‘ 2.7
• 2+In acid condition, when excess KMn0 4  is present, M n0 2 can oxidize Mn to form 
additional M n0 2 according to the reaction given by (Stewart, 1965)
2MnO “ + 3Mn2+ + 2H20  5M n0 2 (s) + 4H+ 2.8
The accompanied KMn0 4  decomposition either by M n0 2 or by Mn2+ under different pH 
conditions makes it difficult to determine the ratio between KMnC>4 and PCE in the 
reaction.
The end products o f manganese oxides or other forms of manganese compounds are not 
only affected by pH, but also by redox potential. In the literature redox potential is 
generally reported as Eh, which is the potential generated between a platinum electrode 
and a standard hydrogen electrode when placed into the water being tested, where 
hydrogen is considered the reference electrode. The stability diagram for manganese 
oxides and hydroxides is presented in Figure 2.1 (Scheffer et al., 1989).
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Figure 2.1 Eh-pH stability diagram for manganese oxides and hydroxides 
(Scheffer et al., 1989).
It can be seen from the diagram that, when Eh>0 and pH>8 , there are several manganese 
oxides and MnCC>3 which may coexist. For the reaction between KMnC>4 and PCE under 
pH buffering conditions, either buffered by dissolution o f calcite/dolomite, or Na2 CC>3 , 
this diagram indicates that it is possible that the end products o f solid precipitation may 
include MnCC>3 and three other different manganese oxides.
Schnarr et al. (1998), showed the effectiveness o f KMnCE for destruction of 
tetrachloroethylene (PCE) and trichloroethylene (TCE) in batch and column experiments 
and in field experiments in a sandy aquifer at Canadian Forces Base Borden, Ontario. 
Other investigators have also reported encouraging results based on field trials (Mckay et
13
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al., 1998a,b; West et al., 1998; Siegrist et al., 1999; Clayton et al., 2000; Mckay et al., 
2000; Mott-Smith et al., 2000; Oberle and Schroder, 2000; Thomson et al., 2000; Nelson 
et al., 2001; Leonard et al., 2002; Parker and Al, 2002). Following are a few examples of 
many successful applications of permanganate for ISCO.
Pilot field scale tests were performed at Canadian forces base (CFB) (Thomson et al., 
2000). One o f the field trials was conducted using a homogeneous PCE residual source 
zone and flushing with 1 0  g/1  KMn0 4  for 1 2 0  days followed by a 60-day water flush. 
Results calculated from chloride measurements from the extraction well indicated 91% of 
the PCE, emplaced at a saturation approximately equal to 8 %, was destroyed. 
Measurement in the effluent during water flush and in core samples in the source zone 
indicated that PCE had been totally removed.
Pilot testing was also performed at the U.S. Army Cold Regions Research and 
Engineering Laboratory in Hanover, New Hampshire. Pre- and post-injection monitoring 
of pore water showed increases o f chloride concentrations from 20 to 6,420 mg/1, 
indicating that a large amount of TCE was being oxidized (Mckay et al., 1998a,b).
In 1997, a full-scale demonstration o f KMnCL to remediate soil and groundwater for 
chlorinated solvents, primarily trichloroethylene (TCE), was conducted at the site o f the 
Portsmouth Gaseous Diffusion Plant in Piketon, Ohio. The results showed that TCE 
concentrations were effectively reduced by KMn0 4  in both soil and groundwater to non- 
detectable levels in those areas where the oxidant was able to migrate. Lateral and vertical
14
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heterogeneities within the treatment zone impacted the uniform delivery of the oxidant 
(West et al., 1998).
Full-scale permanganate oxidation of a 21 m thick DNAPL source zone was also 
demonstrated in sandy aquifer in Florida (Parker and Al, 2002). The comparison of the 
VOC distribution before and after the permanganate treatment indicated that the volume 
of aquifer contaminated with TCE at concentration above 100 p.g/1 was reduced by 90%. 
The comparison also showed that the maximum of 625,500 pg/1 was reduced to 56,000 
pg /1  as a result of the treatments.
In situ oxidation of DNAPL using permanganate was also demonstrated in Cape 
Canaveral, Floria (Leonard et al., 2002). Three permanganate injection phases were 
conducted from September 1999 to April 2000 and over 68,000 kg o f potassium 
permanganate were injected. The cleanup effectiveness was determined through pre- and 
post-treatment collection and analysis o f over 192 discrete soil samples. The results show 
that the initial PCE mass was reduced by 82%. The initial PCE mass was estimated to be 
approximately 6,100 kg within the test cell, which was approximately 23 m in length, 15 
m in width, and 14 m in depth. Significant chloride increases in the groundwater within 
the test cell indicated that the PCE was oxidized rather than migrated out o f the test cell.
Although there are many successful applications about the in situ permanganate oxidation 
of chlorinated solvents, there are some side effects associated with permanganate 
oxidation, which are reviewed in the following section.
15
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2.2.3 Problems with In Situ Chemical Oxidation
Although numerous field and laboratory test results suggest that the permanganate 
oxidation is a promising technology for the remediation of chlorinated solvents, there is 
some indication that permanganate oxidation schemes in the subsurface have inherent 
problems that could limit their applicability, including production o f CO2 gas and 
manganese oxides. Since carbon compounds are the main component o f DNAPLs, the 
end products o f all ISCO will include CO2 . If the production rate o f CO2  exceeds the 
capacity o f water to remove the CO2 , degassing will occur.
For in situ H2 O2 oxidation system, CO2  is a very important issue. H2 O2  is a very strong 
oxidant that violently reacts with organic compounds in the soil. Large amounts of gas 
released after the H2 O2 injection had been observed (Nyer and Vance, 1999). For the 
KMn0 4  oxidation system, CO2  may also be a serious issue. Several two-dimensional 
KMnCL oxidation experiments for removal of pooled PCE have been performed by 
Reitsma and Marshall (2000). The experimental results showed that significant 
production of CO2  gas can cause de-saturation o f the pooled DNAPL zone and 
subsequently reduce flow o f KMnCL into this area. The uncontrolled CO2 gas may change 
the flow patterns, remobilize the pooled DNAPL, and transport DNAPL vapour. 
Reduction in permeability due to CO2  gas can divert flow from the pooled DNAPL 
causing a reduction in the effectiveness of the treatment. Effect o f CO2 gas on NAPL 
removal rate at the field-scale has not been quantified nor identified as a critical problem.
16
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Insoluble manganese oxides have also been identified as a potential limitation to KMnCU 
ISCO (Li and Schwartz, 2000; Reitsma and Marshall, 2000; Schroth et al., 2001; 
MacKinnon and Thomson, 2002). Experimental results from Reitsma and Marshall
(2 0 0 0 ) indicate that Mn0 2  may interfere with KMn0 4  treatment by reducing permeability 
o f the porous medium in the vicinity o f the DNAPL thus reducing the amount o f KMn0 4  
that reaches the DNAPL zone. This in turn may impact the mass removal rate o f the 
DNAPL. Li and Schwartz (2000) present one-dimensional and two-dimensional 
experiments on TCE oxidation by KMnC>4 . In their two-dimensional experiments, the 
experiments came to a halt when MnC>2 plugged the tank nearly completely and 
permanganate solution could no longer be injected. Schroth et al. (2001) had investigated 
the effects of TCE oxidation by KMn0 4  on porous medium hydraulic properties in one­
dimensional column tests. They also confirmed that the successful application of KMnCL 
in situ requires consideration o f detrimental processes such as MnC>2 precipitation and 
CO2 gas generation.
In order to quantitatively investigate the magnitude of MnC>2 precipitation effects on the 
permeability o f the porous medium, twelve one-dimensional column experiments had 
been run by Randhawa (2001). Experimental results showed that MnC>2 precipitation 
causes significant permeability reduction. The relation between wetting phase saturation 
and relative permeability established for oil/water systems is much different than 
reduction of permeability due to MnC>2 precipitation. For an oil/water system, reducing 
wetting phase saturation from 1.0 to 0.98 results in approximately a 10% reduction in 
relative permeability, while Randhawa (2001) showed that reducing porosity by 2% due 
to MnC>2 precipitation results in a permeability reduction of 98%. One possible
17
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explanation for the sharp reduction in permeability observed by Randhawa (2001) could 
be that MnC>2 particles preferentially plugged pore throats, which then reduces the 
permeability significantly even for a small volume of MnC>2 .
Reduction o f NAPL removal rate due to presence of manganese oxides during field-scale 
applications has not been well-documented to date. Nelson et al. (2001) suggest, based on 
capacity of injection wells, that permeability reduction due to manganese oxides is 
negligible and may be offset by dissolution of carbonate minerals during oxidation of 
chlorinated compounds. No direct measurement of permeability in NAPL zones is 
presented by Nelson et al. (2001) to backup the above suggestion. Crawford et al. (2002) 
shows that large amount o f manganese oxide precipitates were found in NAPL zones 
during KMnCL treatment. Injection capacity of wells in vicinity of NAPL zones was 
reduced as injection progressed. Laboratory studies show permeability reduction due to 
manganese oxides precipitation in NAPL zones. Field data is inconclusive.
Randhawa et al. have used a power law to represent permeability reduction as a function 
o f porosity reduction as
k/k0 =((|)/<j>o)e 2.9
where k and k0 are permeability and the initial permeability [L2], respectively; § and <(>o 
are porosity and initial porosity o f the medium [-], respectively; and 0  is an empirically 
derived constant [-]. A higher value o f 0 denotes larger reduction in permeability for a 
given reduction in porosity. Randhawa (2001) found values o f 0 have a wide range from 
60 to 240.
18
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2.3 INTERPHASE MASS TRANSFER REVIEW
Inter-phase mass transfer typically includes movement of organic compounds from the 
organic phase to the aqueous phase. The rate o f mass transfer may affect removal rate 
during NAPL dissolution and oxidation treatment. The importance o f mass transfer 
limitations will depend on NAPL distribution, heterogeneity, flow rate and scale.
2.3.1 Film Theory
Film theory is the oldest theory to explain the mass transfer phenomena between different 
phases. In this theory a boundary layer is assumed to exist between two different phases. 
In single film theory, typically a linear Fickian diffusion equation is used to describe the 
mass transfer process as (Treybal, 1980).
j  A = -  D “  K «,(C,-Ca) 2.10
o Z
where Ja is flux of compound A [M L"3 T"']; Dab is the diffusion coefficient of a
2 1 ’ 1 constituent A in solution B [L T" ]; K m is a mass transfer coefficient [LT" ]; Z is the
distance from NAPL-water interface [L]; Cs is the concentration at the interface [M L '] ;  
and Ca is the concentration of compound A in the bulk solution B [M L' ].
At the boundary, Cs is generally assumed to be equal to the effective aqueous solubility of 
compound A (Treybal, 1980). This assumption is applicable when mass transfer across 
the interface is rapid compared to diffusion rates from the interface and where mass 
transfer within the NAPL phase are negligible such as for neat solutions. For a
19
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multi-component NAPL where the component in question is in low concentration, a 
double-film mass transfer model may be required. In film theory, molecular diffusion 
dominates the mass transfer process within the thin film and the concentration in the film 
is at steady state. In most cases, the film theory is appropriate for groundwater-NAPL 
systems (Powers et al., 1991, 1992, 1994a,b; Imhoff et al., 1994).
2.3.2 Penetration Theory
When the fluid velocity at the interface is not zero, Higbie (1935) argued that in many 
situations the time to develop a steady-state concentration is not great enough. During the 
time t, the liquid particle is subject to unsteady-state diffusion or penetration of solute A 





which is subjected to the following conditions:
2 .1 1 a
CA =
C . at t = 0 for all Z
Cs at Z = 0 for t > 0
C. at Z = co for all t
2 .1 1 b
The average flux from solving the above equation over the exposure time t is
J A = 2  x
ID AB
7lt
(C s -  C A) = K m (C -  C A ) 2.12
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where K m = 2 .1 — —  ? which is proportional to D05. Experience shows the exponent
V 711
may vary from near zero to 0.8 or 0.9 (Treybal, 1980).
2.3.3 Surface-renewal Theory
Dankwerts (1955) further argued that the exposure time might not be a constant. In 
Dankwerts’ model, the mass transfer rate is dependent on how fast an element surface is 
being replaced by another. If S is the fractional rate of replacement of elements, the result 
is
= V D * B S ( C . - C 4 ) = K m( C! - C A) 2.13
Therefore,
K „  = V d . b S 2.14
Many modifications and more complicated models are based on the above-mentioned 
models. Dobbins (1956) pointed out that in film theory, the exposure time is long enough 
for concentration profile to reach steady-state and K m oc D AB , whereas in penetration 
and surface-renewal theories, the surface is assumed to be mathematically infinitely deep 
and the concentration profile never reach the steady-state, hence, K m « d ° g  . In more 
realistic cases, K ra « d ”b , where n depend upon circumstances.
Dobbins (1956) assumed a finite depth o f surface element and replaced the third 
boundary condition o f Eq. 2.11b by Ca=Cao, and Z=Zb, where Zb is a finite depth and 
obtained
21
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K  m = V D ABS COth 2.15
This model is also called as a combination film-surface-renewal theory.
2.3.4 Mass Transfer Rate Determined through Experiments
When applying mass transfer to DNAPL dissolution, most researchers used a single-film 
model to represent mass transfer from one phase to another phase (e.g. Powers et al., 
1991, 1992; Imhoff et al., 1994) because typically negligible mass transfer limitations 
exist within the NAPL phase and low groundwater flow rates exist that would provide 
enough time to develop a steady-state concentration within a film. The single-film model 
is often preferred over the other models due to its conceptual and computational 
simplicity (Frank et al., 2000). A linear driving force model is often used to represent 
interface mass transfer using a lumped mass transfer coefficient. A lumped mass transfer 
coefficient, Km [T '1], may include a specific interfacial area anw as (Miller et al., 1990;
where 8  is the thickness o f a film [L],
The specific interfacial area plays a critical role for mass transfer (Mayer and Miller,
Powers et al., 1992)
2.16
where anw is a specific NAPL/water interfacial area [L'1]. K ra is given by
2.17
1992; Powers et al., 1992, 1994a,b; Imhoff et al., 1994; Saripalli et al., 1997, 1998).
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Theoretical approaches (e.g. Gray and Hassanizadeh, 1991; Reeves and Celia, 1996; 
Bradford and Leij, 1997) and experimental measurements (e.g. Gvirtzman et al., 1987; 
Saripalli et al., 1997, 1998) have been used to estimate the specific interfacial area. 
Specific NAPL/water interfacial area values determined at a NAPL saturation of 0.2 by 
Saripalli et al. (1997, 1998) in sand and glass beads (150-350 pm in diameter) using an 
interfacial tracer technique were within the range of 60 to 107 cm /cm . When the 
medium was first saturated with NAPL, the range was double.
During removal of NAPL, NAPL saturation will decrease. Consequently, the specific 
interfacial area may also be reduced. The specific interfacial area is a function o f pore 
geometry (e.g. pore body to throat ratio, pore topology, pore size distribution, etc.), and 
fluid properties (e.g. interfacial tension, viscosity and density, etc.). The explicit mass 
transfer coefficients are difficult to obtain and generally unavailable. Hence, a lumped 
mass transfer coefficient as expressed in Eq. 2.16 was determined through one­
dimensional column experiments (e.g. Miller et al., 1990; Powers et al., 1992, 1994a,b; 
Imhoff et al., 1994) and two-dimensional experiments (e.g. Saba and Illangasekare,
2000). These researchers related the lumped mass transfer coefficient to a modified 
Sherwood number (Sh = K mdpDm',  where Sh is the Sherwood number; dp is the mean
particle diameter; and Dm is the molecular diffusion coefficient). A summary o f modified 
Sherwood number equations are presented in Table 2.3.
23
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Table 2.3 Experiment Sherwood Numbers for Inter-phase Mass Transfer 
(Modified from Saba and Illangasekare, 2000)
Experimental Sh Expression 
Method
R e Range References
1-D Sh = 12R°7 5S^°S ° '5 0.001<Re<0.1 Miller etal., (1990)
1-D Sh = 57.7R°61dp6 4 U |1'41 0.01<Re<l Powers et al., (1992)
1-D Sh = 340S°^7R°'71 (dp / x ) 0,31 0.0012<Re<0.021 Imhoff etal., (1994)
1-D Sh = 4.13R° 59850,673U|)369(Snw / Snw0)M' 0.015<Re<0.23 Powers etal., (1994)
2-D Sh =11.34 R°'2767S°3 3 (dpSnw / t wL) 1,037 0.0007<Re<0.0075 Saba etal., (2000)
dp is mean particle diameter; R e=dpv / y ,  Reynolds number; Sh, Sherwood number; Sc= y / D m,
Schmidt number; U ; , uniformity index o f  the porous medium; Snw , volumetric content o f  the NAPL;
Snw o • initial volumetric content o f  the NAPL; x , distance from the dissolution cell entrance for Imhoff et
al., (1994); 8  , normalized grain size (dp/0.05 cm); \\), fitting parameter; Tw, tortuosity o f  porous medium; L, 
NAPL pool length; v, actual groundwater velocity; y , water kinematic viscosity.
Many experimental studies conducted to quantify the residual NAPL dissolution rates 
have employed one-dimensional column tests (e.g. Miller et al., 1990; Powers et al., 
1994; Imhoff et al., 1994, in Table 2.3). Traditionally, the extent o f the NAPL dissolution 
has been quantified using a local equilibrium assumption; that is, it is assumed that the 
concentration of a contaminant in any phase is defined in terms of its concentration in 
other phase(s) by equilibrium partitioning relationships (Abriola and Pinder, 1985a,b; 
Powers et al., 1992). Some experimental studies support the validity of the local 
equilibrium assumption (Miller et al., 1990; Hunt et al., 1992) and many others have 
studied the NAPL-pool dissolution by using local equilibrium assumption (Johnson and 
Pankow, 1992a,b; Seagren et al., 1994; Powers et al., 1998). When local equilibrium 
exists between the NAPL and aqueous phase, the dissolution mass flux is not controlled 
by the rate of transfer from the NAPL phase to the aqueous phase, but rather by the rate at
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which solute is removed by the advection and other mechanisms (dispersive and reactive 
sinks, etc.) (Seagren et al., 1999). Some studies suggest that a nonequilibrium description 
is required for fluid-fluid mass transfer under certain subsurface environmental 
conditions, for example, under a high pore water velocity, a large transverse dispersivity, 
a small NAPL zone length, a low NAPL saturation, or a small mass-transfer coefficient. 
Such conditions could be rate-limiting factors in the exchange of mass between NAPL 
and groundwater (Valocchi et al., 1988; Powers et al., 1991; Weber et al., 1991). A 
critical evaluation of the local-equilibrium has been discussed at length by Seagren et al.
(1999).
For non-reactive contaminant and steady state conditions, Sale and McWhorter (2001) 
indicate that mass transfer is a function o f position within a DNAPL zone. The highest 
rates of mass transfer occur at the leading edges of a DNAPL zone, and decrease along 
the DNAPL zone to the tailing edge. The normalized difference in chemical potential that 
drives transfer (dimensionless lengths o f X=l ,  Y= oo, and Z=0.1) ranges from 0.049 at the 
leading comer to 0.000004 within the interior of the DNAPL zone. In all cases, 
normalized concentration in the effluent is close to 1. This suggests that the overall 
process governing mass transfer is not the rate at which interphase mass transfer occurs 
within the source. Rather it is the advective-dispersive transport o f dissolved chemical 
away from the DNAPL zone that is the primary process limiting mass transfer rates. 
Large mass transfer rates at the leading edge of DNAPL zone also indicate that shortening 
of a DNAPL zone has only small effects on bulk mass transfer rates. Limitations o f mass 
transfer will only occur when near-complete removal of the DNAPL zone is achieved.
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Experiment and numerical studies by Powers et al. (1998) also indicated that the rate- 
limited dissolution becomes important only for low-NAPL saturation (< ~ 0.05-0.15).
2.4 REACTION ENHANCED MASS TRANSFER
Chemical reaction may reduce the concentration o f the reactive compounds in the 
aqueous solution and thus may change the inter-phase mass transfer rate. Because the 
mass removal rate is increased during oxidation due to reaction, inter-phase mass transfer 
rate limitations may become more important during oxidation. If the reaction is rapid, 
aqueous concentration within the thin film near the NAPL/water interface may be reduced 
and change the mass transfer coefficient significantly.
For first- or pseudo-first-order reactions, the interface mass transfer increase due to the 
reaction is (Cussler, 1997)
1 1 '
" d k 2 "
|_(Km ) 2 J
2
cotb




where K m and K m are mass transfer coefficient with and without chemical oxidation, 
respectively, D is diffusion coefficient, and K2 is first- or pseudo-first-order reaction rate 
constant. Eq. 2.18 accounts for increased interface mass transfer due to first-order 
chemical reaction. It does not account for any changes in interfacial resistance that may 
occur as a result o f chemical oxidation, such as the manganese oxide solids that may 
deposit at the interface. This is a complex process that is not fully understood (Urynowicz 
and Siegrist, 2000). In order to increase the efficiency of permanganate oxidation of
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chlorinated solvents, the effectiveness of phase-transfer-catalysts (PTCs) in enhancing of 
degradation rates was investigated by Seol and Schwartz (2000). The experiment results 
indicate that the enhancement in TCE decomposition is due to the reaction between 
permanganate and TCE in the nonaqueous phase, in addition to the oxidation of TCE in 
the aqueous phase.
For a relatively slow second-order reaction, such as the reaction between KMnCL and 
PCE or TCE, Reitsma and Dai (2001) conclude that the interfacial mass transfer 
coefficient will not increase significantly. Because the reaction rates are relatively slow, 
little reaction is expected to take place within the film near the NAPL-water interface. If 
little reaction takes place here, no significant increase in concentration gradient will be 
achieved in the single film.
Reitsma and Dai (2001) provide an analytical solution to mass transport from horizontal 
DNAPL pool during a horizontal KMnCL flush. Enhancement factors, defined as the rates 
of mass removal rates with and without reaction, are provided. For a PCE pool having 
high NAPL saturation and a KMnCL concentration of 10 g/1, the maximum enhancement 
factor due to reaction is approximately equal to 45. For TCE and a similar permanganate 
concentration, the maximum transport enhancement factor due to reaction is 
approximately equal to 5. Thus, where NAPL zones with low wetting phase permeability 
exist, active flushing o f a NAPL zone with permanganate can be expected to increase 
mass removal from pools by factors in the range o f 5-50 depending on the NAPL 
compound solubility, NAPL pool length, reaction rate, flow velocity, and oxidant 
concentration. Theoretical enhancement factors given by Reitsma and Dai (2001) do not
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
take into account local-scale interphase mass transfer limitations and permeability 
reduction due to oxidation by-products. These factors may decrease actual enhancement 
factors. Density induced flows and movement of CO2 gas are also not considered.
2.5 NUMERICAL MODELING OF NAPL FATE AND TRANSPORT
In a groundwater system, compounds in groundwater undergo advective-dispersive 
transport, mass transfer processes, chemical reactions, and biotransformations. In recent 
years, the number of published numerical simulations that include several or all of these 
processes is growing rapidly. These simulations have enhanced the understanding o f the 
fate and behavior of contaminants in the subsurface.
2.5.1 Migration of NAPLs
Migration of NAPLs in subsurface system is a complex process (Powers et al., 1991,
1992). The initial movement of NAPLs after spilling has been studied experimentally 
(e.g. Illangasekare, 1995) or theoretically (e.g. Ewing and Berkowitz, 1998). Soil 
heterogeneity was found to significantly affect NAPL distribution in both saturated and 
unsaturated zones. In the unsaturated zone, capillary forces pull NAPL into finer soils. In 
the saturated zone the same fine soil may establish a barrier to the NAPL. The 
displacement o f the immiscible fluids exhibits a wide range o f behavior (Homsy, 1987). 
A simple sharp-interface model for NAPL infiltration developed by Ei-Kadi (1992) may 
be useful for initial screening and obtaining an estimation o f the travel time. Elowever, 
under certain conditions, fingering takes place due to viscous or density instability. For
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example, when a low viscosity fluid displaces a higher viscosity fluid, viscous fingering 
occurs, whereas if the displacing fluid is of higher viscosity, the displacement front may 
be stabilized. Migration o f NAPLs following a spill or release is a multiphase flow 
process (water, air and oil). Two-phase flow simulators were developed for petroleum 
systems (e.g. Welge et al., 1961; Culham et al., 1969). A more general compositional 
model was developed by Kazemi et al. (1978). In his model, an IMPES (Implicit in 
pressure, explicit in saturation) method was used. The relative permeability and 
concentration were also treated explicitly.
In recent years, the physics o f NAPL migration has been a focus o f many researchers (e.g. 
Abriola and Pinder, 1985a,b; Corapcioglu and Baehr, 1987; Kueper et al., 1991a,b; Sleep 
and Sykes, 1993a,b). One-dimensional (Abriola and Pinder, 1985a,b), two-dimensional 
(Forsyth, 1988; Kaluarachchi and Parker, 1990) and three-dimensional numerical models 
(e.g. Huyakom et al., 1994) have been developed to simulate multiphase flow and 
transport. Simulations include surfactant-enhanced aquifer remediation (e.g. Abriola et 
al., 1993; Brown et al., 1994; Mason and Kueper, 1996; Hayworth and Burris, 1997a,b) 
and air or steam flushing (Falta et al., 1992a,b; Forsyth, 1994).
2.5.2 Modeling of Reactive Transport
Groundwater may interact with rock/minerals and undergo dissolution and precipitation 
processes. Pollutants in a groundwater system may undergo biodegradation and decay 
(radionuclides). ISCO of NAPLs may include processes such as mass transfer, 
precipitation, and first- or higher-order reactions. Significant development o f reactive
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chemical transport models has occurred in the last decade. The approaches to simulate 
reactive transport are reviewed by Saaltink et al. (2001). Two families of approaches 
reviewed are The Direct Substitution Approach (DSA), based on Newton-Raphson 
iteration, and the Sequential Iteration Approach (SIA). Example codes using DSA are 
TOUGH2 (White, 1995), GIMRT (Steefel and Yabusaki, 1995), and ARASE (Grindrod 
and Takase, 1996). Example codes based on SIA are HYDROGEOCHEM (Yeh and 
Tripathi, 1991), FEREACT (Tebes-Stevens et al., 1998), and TRANQUI (Xu et al., 
1999). In general, DSA is more robust than SIA in terms of time steps and grid sizes and 
may require less computation time. Flowever, the size of the equation system in DSA is 
much larger than SIA and hence requires more computer memory.
The recent trend of reactive transport models includes: multiphase reaction (Lichtner, 
1996); reactive transport on rectangular and streamline-oriented grids (Cirpka et al., 
1999); variably saturated fluid flow (Yeh et al., 2001); and the influence of 
heterogeneities (Tompson and Jackson, 1996; Zhang and Brusseau, 1999; Li and 
Brusseau, 2000; Barzykin et al., 2001).
A three-dimensional flow and transport model was developed to simulate ISCO using 
permanganate as the flushing reagent (Hood and Thomson, 2000). In the model, the 
kinetic formulations of dissolution and the oxidation reaction were incorporated into the 
governing equations. Simulation results indicated that increasing the injected oxidant 
above a permanganate concentration of 15 g/1  provided only a marginal increase in mass 
removal efficiency, and the performance o f the permanganate flushing system is not 
limited by reaction kinetics but rather by the ability to maintain an adequate oxidant flux
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into the NAPL source zone. Increasing the flux of the oxidant into the NAPL source zone 
would increase the NAPL removal rate.
Another computer model (ISC03D) was developed by Zhang and Schwartz (2000). The 
computer model incorporated the NAPL dissolution, chemical reaction, and solute mass 
transport, which would accompany ISCO. The computer model can simulate 
concentration changes o f permanganate, various contaminants (TCE, PCE, etc.), a 
reactive aquifer material (mainly organic carbon), Cl', CO2 , H+, and MnC>2 during the 
oxidation processes. Simulation results suggest that the proper determination o f NAPL 
saturation, aqueous concentration of chlorinated compounds, and the reactivity o f the 
aquifer material with MnO^ are critical to a successful chemical oxidation design and 
field operation. Simulation results also indicate that oxidation of chlorinated compounds 
is probably most efficient at low NAPL saturation.
One of the most comprehensive and widely used models for mass transport simulation is 
MT3D (Zheng, 1990) and RT3D (Clement, 1997; Clement and Jones, 1998) coupled with 
the USGS flow code MODFLOW (McDonald and Harbaugh, 1988). The advection 
packages include Method O f Characteristics (MOC), Modified Method O f Characteristics 
(MMOC), Hybrid Method O f Characteristics (HMOC), Third Order TVD Scheme and 
FD. The dispersion and source/sink mixing packages use explicit finite difference 
approaches. The NOST strategy was used in RT3D to solve the advection-dispersion- 
equations and reaction equations for multiple species (Clement, 1997). RT3D, based on
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the MT3D with several extended reaction capabilities, can accommodate multiple sorbed 
and aqueous phase species with any reaction framework that the user needs to define.
As NAPL is removed from the porous medium, either by dissolution or by reaction, the 
relative permeability will increase for the water phase. Saba and Illangasekare (2000) 
have modified MT3D and MODFLOW codes in order to consider relative permeability 
change during NAPL dissolution as well as bypassing flow effects. During chemical 
oxidation o f NAPLs, such as by using KMn0 4 , besides NAPL removal, there may be 
precipitation (MnCh) or gas generation (CO2 ), which may significantly affect the flow 
pattern, hence affect the remediation efficiency. Thus use of decoupled flow and transport 
codes such as MT3D and MODFLOW require modification to allow simulation o f ISCO 
processes.
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CHAPTER 3 KINETIC STUDY OF PERMANGANATE
OXIDATION OF TETRACHLOROETHYLENE AT pH 10.6±0.1
3.1 INTRODUCTION
Soil and groundwater contaminated with dense non-aqueous phase liquids (DNAPLs), 
such as tetrachloroethylene (PCE) and trichloroethylene (TCE), may seriously threaten 
human health and simultaneously poses an exceptional challenge to groundwater 
remediation. The low aqueous solubility of these DNAPLs permits them to persist in 
subsurface as long-term contamination sources; without remediation, these solvents may 
stay in subsurface for decades, or centuries (Pankow and Cherry, 1996).
Chemical oxidation is proposed as an aggressive in situ treatment method. Commonly 
oxidants used are hydrogen peroxide (H2 O2 ), ozone (O3 ), and KMn0 4 . These oxidants 
have a long successful history of being used in disinfection, and in sewage and industrial 
waste treatments (Metcalf and Eddy, 1991; Akata and Gurol, 1993; Ravikumar and Gurol,
1993). Recently, these oxidants have been applied to groundwater ISCO. ISCO offers 
several desirable aspects including destruction of the chlorinated solvents in situ and local 
mass transfer may be enhanced by chemical reactions (Reitsma and Dai, 2001; 
MacKinnon and Thomson, 2002). Harmless byproducts, such as water and carbon dioxide 
are produced, and the excess oxidants in the effluent can be directly re-injected.
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The impacts of CO2  gas in the chemical oxidation process have been revealed by Schnarr 
et al. (1998), Reitsma and Marshall (2000), Thomson et al. (2000), and Schroth et al.
(2001). The CO2 gas may change the flow patterns, remobilize the chlorinated solvents, 
and potentially decrease the efficiency and effectiveness o f the injected oxidants. 
Buffering at high pH may reduce or eliminate CO2 degassing (Randhawa, 2001). The 
previous kinetic studies o f oxidation o f TCE by KMn0 4  were all under neutral or weak 
acid/base conditions (e.g. Huang et al., 1999; Yan and Schwartz, 1999, 2000), and limited 
data were available regarding the kinetics o f PCE oxidation by KMn0 4  (Hood et al., 
2000; Huang et al., 2002). The objectives of this study are to examine the reaction rate 
and reaction order between PCE and KMnC>4 under high pH conditions (pH=10.6 + 0.1) 
and to assess the effects o f temperature and KMn0 4  concentration on the reaction rate. 
pH was maintained using a carbonate buffering system.
3.2 PERMANGANATE OXIDATION OF ALKENES
When alkenes are oxidized by KMn0 4 , the nature of the intermediate products depends 
on reaction conditions (Stewart, 1964; Perlin, 1969): in acidic solution, cleavage reactions 
predominate, whereas in basic conditions, dihydroxylation prevail. However, the 
difference is not so sharply defined and often the mixtures of products are obtained. There 
is general agreement that in the initial reaction between alkene and KMn0 4  a cyclic 
manganate (V) diester is formed and in acid solution the manganate (V) diester results in 
cleavage products (Stewart, 1964) (see Figure 3.1). Under basic conditions the 
intermediate would be hydrolyzed to a cis-diol (see Figure 3.2).
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Figure 3.2 Intermediate products of alkenes oxidized by KMn0 4  under basic 
conditions.
All the intermediate products could be further oxidized to CO2 under certain conditions. 
The oxidation of PCE or TCE is similar to the alkenes. Further oxidation of the 
intermediate products will produce water, CO2 , and Cl'. More specifically for PCE, the 
following reaction pathways are suggested. The proposed reaction pathways under acidic 
and basic conditions are shown in Figure 3.3. Under high pH conditions, hydrolysis may 
prevail and the oxalic acid, formic acid, glycolic and glyoxylic acid are the main
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intermediate products (Yan and Schwartz, 2000; Huang et al., 2002), which are further
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Figure 3.3 Proposed pathways for PCE and KMn0 4  reaction under (a) acidic 
conditions and (b) basic conditions.
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3.3 MATERIALS AND METHODS
3.3.1 Materials
KM11O4  (99.8%) and H2 O2  (29-32%), were purchased from BDH Inc., PCE (C2 CI4 , 
99+%.) from Aldrich Chemical Co., and Na2 C0 3  (99.9%), from J.T. Baker Chemical Co.. 
Potassium chromate, silver nitrate, and standard 0.1M sodium chloride were purchased 
from Fisher Scientific Co., and potassium hydroxide (KOH) from Sargent Welch 
Scientific Co.. All solutions were prepared in Milli-Q water.
3.3.2 Methods
A reaction vessel (1,053 ml) was placed in an environment chamber at a specific 
temperature (error ±0.5 °C). The environment chamber was made by Lab-Line 
Instruments Inc. (Melrose Park, 111., USA). Chamber temperature was verified using a 
glass thermometer. The reaction vessel was sealed with a septum to allow for insertion of 
an injection port (open syringe) and a sampling syringe (see Figure 3.4). Milli-Q water 
was added to the open syringe so that water removed from the reaction vessel when 
taking samples would be replaced and zero headspace was maintained to avoid vapour 
loss of PCE. The total volume of all samples withdrawn from the reaction vessel was less 
than 0.5% of the reactor volume so dilution was negligible. All experiments were run 
under high pH condition (10.6 ±0.1). pH was maintained by adding sodium carbonate 
(Na2 CC>3 ) at 1.00 ± 0.005 g/1 to the solution at the beginning of each experiment. pH o f the
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solution was checked at the beginning and end of each experiment using a pH meter 





Figure 3.4 Schematic of reactor for the reaction experiment.
PCE concentration in the reactor was periodically measured. Typically 5 to 10 samples 
were taken during each experiment where more samples were taken when reaction rates 
were slower (i.e. lower temperature or lower KMn0 4  concentration). To do this, a sample 
was withdrawn from the reaction vessel using a clean glass syringe (500 pi). The sample 
was then added to a sealed 20-ml glass headspace vial containing Milli-Q water such that 
the sample was diluted by a factor o f 20 to 200. The dilution factor was selected based on 
expected PCE concentration. Total volume of water in each headspace vial after addition 
of the sample was 10.0 ml (±0.05 ml). Samples were diluted to reduce PCE 
concentration and reduce the reaction rate between KMnC>4 and PCE (see Section 3.5).
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A Varian CP-3800 GC was used to analyze PCE concentration using either an Electron 
Capture Detector (ECD, headspace injection, 7.5-20 pg/1) or a Flame Ionization Detector 
(FID, headspace injection, 75-25,000 pg/1) depending on expected PCE concentration. 
Method detect limit for the ECD was about 7.5 pg/1, and for the FID about 75 pg/1. In 
mid-range of the calibration curves, 99% of measured concentration fall with 2% of 
actual concentration. A verification sample at mid-range concentration was run on each 
detector before every experiment. If the relative error was more than 5%, a new 
calibration curve was prepared.
A standard method was used to determine CF as outlined by Greenberg et al. (1992). 
Because KMn0 4  colours the sample purple, directly analysis was not possible. Prior to 
CF analysis, equivalent H2 O2 was reacted with KMnC>4 to remove colour. The reaction 
solution was then filtered to remove MnC>2 and obtain a clear solution. The filtered MnC>2 
was then washed three times using a known volume of Milli-Q water to remove the 
possible chloride retained (absorbed) in the Mn0 2 . pH was adjusted to 7-10 using H2 SO4 
and KOH solutions. To establish repeatability, ten standard samples containing 35.45 
mg/1 CT, were prepared and analyzed. Results yielded with a relative error ±3.8% of the 
standard concentration.
KMnCE was analyzed using a Varian Cary 50 UV-visible spectrophotometer at 
wavelengths ranging from 200 to 800 nm. Two peaks occur at 525/546 nm and 667 nm 
for permanganate (MnCfi") and hypomanganate (MnCE2'), respectively.
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3.4 OXIDATION STOICHIOMETRY AND REACTION ORDER
Based on the previous studies investigating the PCE/permanganate reaction (Hood et al., 
2000; Huang et al., 2002; MacKinnon and Thomson, 2002), the overall reaction between 
MnO 4 and PCE may be written as
4M nO’ + 3C2 C14 + 4H20  6C 0 2 + 4M n0 2  (s) + 12C1' + 8 H+ 3.1
According to the above reaction equation, the rate o f reaction is given by
rPCE = -d [ PCE I =K, [M n O ']a  [PCE]P 3.2
dt
where rPCE is a reaction rate; Ki is a rate constant; and a  and P are the reaction order 
with respect to MnO ~4 and PCE, respectively.
When the concentration of MnO 4 is in excess, the rate can be expressed as
K 2 = K , [MnO 4 ]a 3.3
f PCE d [p cE  J =K2 [PCE]P 3.4
dt
where K2 is an observed pseudo-P-order rate constant. Literature indicates a  and P are 
approximately equal to unity (Hood et al., 2000; Huang et al., 2002).
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3.5 QUENCHING AND DILUTION EFFECTS
I found that different quenching agents and their concentrations could affect the 
quantification of PCE concentration when headspace analysis was used during sample 
introduction to the GC. For instance, when different thiosulfate (Na2 S2 C>2 ) concentrations 
were used to quench the M nO " -PCE reaction in two parallel tests, difference in measured 
PCE was greater than 5%. This was likely due to changes in vapour pressure of PCE with 
additions to the aqueous solution. In order to reduce the error of PCE quantification, no 
additives were used but rather dilution o f reactants (MnO ~4 and PCE) served to reduce 
PCE loss during analysis. To ensure dilution achieved its desired goal o f minimal PCE 
loss during analysis, a sample test was conducted using 2 0 -ml headspace vials as reaction 
chambers. Five headspace vials were filled with 9.5 ml PCE solution (~1 mg/1) and then 
spiked with 0.5 ml aqueous KMn0 4  solution at 5 g/1. The vials were then put in an 
agitator at 50 °C. The vials were sequentially analyzed with 30 minutes between analysis 
to determine reduction in PCE concentration with time under conditions typical of 
analysis conditions. The half-life o f PCE under analysis conditions was approximately 
480 minutes. The PCE analysis method used in this work required the headspace vial be 
agitated for 5 minutes at 50 °C. The agitation took place directly after dilution in the 
headspace vial o f a sample taken from the reaction vessel. If the half-life o f PCE is 480 
minutes in the headspace vial, less than 1% of PCE would be lost during analysis, which 
was considered acceptable. Since quenching using additives such as thiosulfate yielded
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greater error, dilution was chosen as the best approach to reduce the reaction rate between 
PCE and MnO " during analysis.
3.6 RESULTS AND DISCUSSION
3.6.1 Reaction Order
Measurement o f PCE concentration with time allows determination of reaction rate as a 
function o f PCE concentration. The order p with respect to PCE concentration can be 
simply determined by using a log-log form of Eq. 3.4
In rPCE = InKi + p/rc[PCE] 3.5
By varying initial concentration of MnO ~4 and measuring K.2 , the order a  with respect to 
MnO 4 can be obtained using log-log form of Eq. 3.3
lnK 2 = InK , + a/rcfMnO^ ] 3.6
Experiments were designed to estimate a  and p values for PCE oxidation. Experiments 
were conducted using initial KMn0 4  concentrations of 0.20, 1.00 and 5.00 g/1 (±0.005 
g/1) (1.26 mM, 6.33 mM, and 31.64±0.03 mM, respectively).
Initial PCE concentrations ranged 0.6 to 0.8 mg/1 (3.62xl0"3 mM to 4.83xl0"3 mM). Two 
experiments were conducted using an initial KMn0 4  concentration equal to 0 . 2  g/1, three 
experiments using 1 g/1, and five experiments using 5 g/1. Results o f normalized PCE 
concentration versus time are shown in Figure 3.5. Best-fit straight lines are also shown in
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Figure 3.5. Correlation coefficients are all greater than 0.99 indicating the reactions are
pseudo-first-order with respect to PCE with M n 0 4 in excess. Since the reaction is 
pseudo-first-order, the reaction rate can be estimated using
' C^
3.7
t i+i - t ,
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Figure 3.5 Pseudo-first-order plot of PCE oxidation with 5,1, and 0.2 g/1 KM11O4  
at pH=10.60 + 0.1 in Na2 CC> 3 buffer solution.
Reaction rates, calculated using Eq. 3.7, versus PCE concentrations are shown in Figure
3.6 on a log-log plot for experiments with various initial KMn0 4  concentrations. The data 
is plotted in this fashion so that an error estimate o f (3 can be determined. The slopes (3 for 
initial KMnC>4 concentrations of 0.2 g/1, 1 g/1 and 5 g/1 are 1.20±0.04, 1.03±0.02 and 
1 .0 1 +0 .0 2 , respectively, calculated based on linear regression of the natural logarithm of
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reaction rate versus natural logarithm of PCE concentration. Error estimates are based on 
a 95% confidence interval. The reaction order with respect to PCE is approximately unity. 
The average pseudo-first-order reaction coefficient values (K2 ) for initial KMn0 4  
concentrations equal to 1.0 g/1 and 5.0 g/1 were 0.0057 min ' 1 (half-life equal to 121.6 
min) with the standard deviation of 3.71 xlO ' 7 min-1, and 0.03333 min ' 1 (half-life equal to 
20.82 min) and with standard deviation of 1.17xl0'4 m in'1, respectively. For the 
experiments with initial KMn0 4  concentration equal to 0.2 g/1, K2  was 0.0015 min ' 1 
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Figure 3.6 Reaction rate (unit in M/Min) versus normalised PCE concentration 
with three initial KM n04 solutions to determine reaction order with 
respect to PCE
The reaction order with respect to KMnC>4 is determined using a log-log plot of initial 
KMn0 4  concentration versus K2  for the three experiments conducted using differing
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initial KMnC>4 concentrations, as shown in Figure 3.7. From linear regression a  = 0.96 ± 




Figure 3.7 Reaction rate InKi (units of K2 in Min'1) versus initial /«[KMn0 4 ] 
concentration (M/1) to determine reaction order with respect to 
KMn04.
The results from Figure 3.6 and 3.7 indicate that the reaction between PCE and K M n0 4 is 
a second-order reaction and first-order with respect to PCE and permanganate. The 
second-order rate constant Ki at 10 °C is 0.0152±0.0002 M ' 1 s '1, estimated using Eq. 3.3 
with a  = 1. All error estimates are based on a 95% confidence interval.
3.6.2 Temperature Influence on Reaction Rate
In order to determine temperature influence on the reaction rate between PCE and 
KMnCE, reaction rate experiments were performed at three different temperatures of 5, 10 
and 20 °C, which spans the common groundwater temperature range. Three experiments 
were conducted using an initial KMnCE concentration equal to 1.00 ± 0.005 g/1. Initial
45
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PCE concentrations ranged 0.6 to 0.8 mg/1. Results of normalized PCE concentration 











Figure 3.8 Impacts of temperature on oxidation of PCE with KM11O4 . Solid lines 
represent the best fit using a pseudo-first-order kinetic equation.
Second-order reaction rates, calculated using Eq. 3.7, versus PCE concentrations for the 
three experiments are shown in Figure 3.9. The slopes (3 for experiments conducted at 
temperatures of 5, 10, and 20 °C are 1.03±0.01, 1.0710.06 and 1.0510.005, respectively. 
Thus, the reaction order with respect with PCE is unity for the entire temperature range. 
The pseudo-first-order reaction coefficient values for 5, 10 and 20 °C are 0.010810.0003 
(half-life approximately equal to 169 min), 0.005610.0002 (half-life approximately equal 
to 122 min), and 0.04110.00002 min ' 1 (half-life approximately equal to 64 min), 
respectively. Second-order reaction rates, calculated using Eq. 3.3 with a = l, for 
temperature o f 5, 10, and 20  °C are 0 .01110 .001  M 'V 1, 0.015210.0002 M 'V 1,
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0.028+0.001 M 'V 1, respectively. Second-order reaction rates from literature and this 
study are shown in Table 3.1.
♦  20 °C
'u
-10
-4 ■3 ■2 1 0■5
In (C/C0)
Figure 3.9 Reaction rate (unit in M/Min) versus normalized PCE concentration 
with three different temperatures to determine reaction order with 
respect to PCE.
Table 3.1 Second-order Reaction Coefficient Obtained by Various Researchers
Second-order 
Constant (M 'V 1) pH Range Reference
0.028±0.001 1 0 . 6 This study (20  °C)
0.035+0.004 3-10 Huang et al., 2002 ( 20 °C)
0.041+0.011 *5.2 Hood et al., 2000 ( 21 °C)
0.045±0.004 4-8 Yan and Schwartz, 1999 ( 21 °C)
Higher temperature increases the reaction rate constant. The influence o f temperature on 
the rate constant can be modeled by the Arrhenius equation
K2 =A exp (-Eb /RT) 3.8
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where A is a constant, Eb is activation energy (kJ/M), R is the universal gas constant 
(8.314 J/M/K), and T is temperature (Kelvin). Eq. 3.8 can be linearized as
/«K2 = / / i ( A ) - ^ - -  3.9
R T
The plot of /«K2 versus 1/T is shown in Figure 3.10 for the three experiments calculated 
at different temperatures. From the slope (Eb/R), the calculated activation energy in the 
temperature range of 5-20 °C is 43.9±2.85 kJ/M. The average activation energy is 35 
kJ/M. for reaction of MnO 4 and TCE (Huang et al., 1999). The result shows that 
activation energy for the PCE/MnO 4 reaction is larger than for the TCE/MnO 4 reaction. 
Because the relationship of reaction rate to activation energy is exponential, a small 
change in activation energy causes a large change in the rate of the reaction.
4
y = -5284x + 13.50 
R2 = 0.9993
■5
- 6  ----
0.0034 0.00370.0035 0.0036
1/T
Figure 3.10 Best-fit line to experimental data to determine activation energy using 
the Arrhenius equation. Unit of K2 in Min'1 and temperature in 
Kelvin.
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3.7 CONCLUSIONS
Batch experiments verify that the overall reaction between MnO 4 and PCE at high pH is 
a second-order reaction and pseudo-first-order with respect to PCE and MnO 4 . The half- 
life of PCE with 1 g/1 KMn0 4  ranges from 169 to 64 minutes in the temperature range 
from 5 to 20 °C. The half-life o f PCE ranges from 21 to 462 minutes with KMn0 4  
concentration ranging from 0.2 to 5 g/1 at a temperature of 10 °C. Compared to TCE 
oxidation with M n 0 4, the reaction rate of PCE is approximately 30 times slower at 
20 °C. This is in agreement with the suggestion that the reaction is slowed by the 
deficiency o f electrons in C=C induced by four chlorides in PCE (Yan and Schwartz,
1999).
Experiments show that M n 0 4 can oxide PCE under high pH (10.6) conditions. Thus, it is 
possible to increase the pH of injected solutions and still have reaction. If CO2 degassing, 
which may cause NAPL mobilization or permeability reduction (Reitsma and Marshall,
2000), is a concern, buffering of the injected solution at high pH may be a variable design 
options to increase CO2 solubility.
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CHAPTER 4 EXPERIMENTAL STUDY OF PERMANGANATE 
FLUSHING OF POOLED TETRACHLOROETHYLENE
4.1 INTRODUCTION
In situ chemical oxidation (ISCO) is an innovative technology that shows promise for 
destroying or degrading a variety of organics in groundwater and soil. Three common 
oxidants used in groundwater remediation are hydrogen peroxide (H2 O2 ) (Sedlak and 
Anders, 1991; Ravikumar and Gurol, 1993, 1994), ozone (O3 ) (Grosjean et al., 1993), and 
potassium permanganate (KMn0 4 ) (Schnarr et al., 1998; Huang et al., 1999; Yan and 
Schwartz, 1999; MacKinnon and Thomson, 2002). H2 O2  reacts strongly with organics in 
soil and hence has a relatively short half-life in the subsurface. O3 has lower solubility, is 
a difficult substance to handle in the field, and also has a short half-life. KMn0 4  has high 
aqueous solubility and relatively longer half-life in the subsurface, which makes it a more 
injectable oxidant (Yan and Schwartz, 1999).
PCE is a common contaminant found in DNAPL. The overall reaction between K M n0 4  
and PCE may be written as follows (Hood et al., 2000; Huang et al., 2002; MacKinnon 
and Tomson, 2002)
4MnO - + 3C2 C14  + 4H20  -> 6C 02(g) + 4M n02(s) + 12C1' + 8 H+ 4.1
which indicates that the oxidation is accompanied by production o f manganese dioxide 
(M n02), carbon dioxide (C 02), and chloride ( C l ').
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One-dimensional column and pilot-scale field experiment were first used to examine 
remediation feasibility using KMn0 4  as a reagent for in situ DNAPL remediation and the 
field experiment results suggested that the effectiveness o f ISCO depended on the 
distribution o f DNAPL (Schnarr et al., 1998). One-dimensional column tests (e.g. Schroth 
et al., 2001) and two-dimensional experiments (e.g. Reitsma and Marshall, 2000; 
Thomson et al., 2000) were performed to examine the effectiveness of oxidation on 
pooled DNAPL using KMn0 4 . These experiments demonstrated that a substantial amount 
of DNAPL mass could be destroyed, but they also showed the potential limitations due 
MnCb and CO2 plugging. Schroth et al. (2001) have investigated the effects of TCE 
oxidation by KMnCL on porous medium hydraulic properties. They suggest that 
successful application o f KMn0 4  in situ requires consideration o f detrimental processes 
such as MnC>2 precipitation and CO2  gas generation.
Three two-dimensional KMn0 4  flushing experiments (injection with 1, 5, and 10 g/1 o f 
KMnC>4 solution, respectively) with a single well-defined rectangular DNAPL pool 
positioned in the centre o f the tank were conducted by Reitsma and Marshall (2000). 
Several important issues have been identified in the oxidation process, including CO2 gas 
generation and Mn0 2  precipitation, which may significantly affect the removal rate. 
Without pH buffering, CO2 gas production was rapid and de-saturated the DNAPL pool 
located in the coarse sand lens, significantly reduced the permeability, and remobilized 
the DNAPL. CO2 gas generation will depend on both the concentration o f KMnCL and of 
DNAPL in aqueous solution, on reaction rate, pH, and heterogeneity of the medium. CO2 
gas may mobilize DNAPL, and will reduce the relative permeability to the aqueous 
phase.
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The goal o f this experimental study is to identify the significance of MnC>2 precipitation 
on the removal rate of pooled DNAPL and provide data for a newly developed numerical 
model designed to explore the complex reactive transport processes during KMnCL ISCO. 
A well-controlled two-dimensional experiment has been conducted using a high pH 
buffered KMn0 4  solution (pH approximately at 10.5). A high pH buffered system was 
used to reduce CO2 degassing so that effects o f Mn0 2  precipitation could be studied. 
Benefits of eliminating CO2 gas include reduction o f the plugging effects and prevention 
o f DNAPL remobilization.
4.2 MATERIALS AND METHODS
4.2.1 Chemicals
KMn0 4  (99+%), and H 2O2 (30%) were purchased from BDH Inc.. PCE and Sudan IV 
were purchased from Aldrich Chemical Co. (99+% for PCE). Sodium carbonate 
(Na2 C0 3 ) was purchased from J.T. Baker Chemical Co.. Chemicals used in chloride 
titration included potassium chromate (K2 Cr0 4), silver nitrate (AgNCL), standard 0.1M 
sodium chloride (NaCl), which were purchased from Fisher Scientific Co., and potassium 
hydroxide (KOH) purchased from Sargent Welch Scientific Co. All solutions were 
prepared using Milli-Q water.
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4.2.2 Analytical Methods
Standard argentometric method was used to determine Cl' concentration as outlined by 
Greenberg et al. (1992). Ion specific electrodes could not be used due to interference. 
Because KMnC>4 colours the solution purple, samples could not be directly analyzed but 
required removal of the KMn0 4 . Equivalent H2 O2 was used to react with KMn0 4  to 
precipitate MnC>2 . The reaction solution was then filtered to obtain a colourless solution 
(filter paper, Whatman, W&R Balston Limited, England). The filtered MnC>2 was then 
washed three times by known volume of Milli-Q water to remove the possible chloride 
retained (absorbed) in the Mn0 2 - The pH was adjusted to 7-10 using sulfuric acid and 
potassium hydroxide solutions.
Ten standard samples containing 35.45 mg/1 CT were prepared using filtered solution and 
then analyzed. Results from these samples shown a relative standard deviation o f 1.67% 
and a relative error o f ± 3.8% of the actual concentration (35.45 mg/1). The detection limit 
was approximately 5 mg/1.
A Varian CP-3800 GC was used to analyze PCE concentration using either an Electron 
Capture Detector (ECD, headspace injection, 7.5-20 pg/1) or a Flame Ionization Detector 
(FID, headspace injection, 75-25,000 jag/1) depending on expected PCE concentration. 
The method detect limit for ECD was about 7.5 pg/1, and for FID about 75 pg/1. In mid­
range of the calibration curves, 99% of measured concentration fall with 2% of actual 
concentration. A verification sample at mid-range concentration was run on each detector
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before every experiment. If the relative error was more than 5%, a new calibration curve 
was prepared.
4.3 EXPERIMENT SET-UP AND PROCEDURES
4.3.1 Experimental Apparatus
The experiment sandbox was built from an aluminum plate that was milled out to give a 
cavity having internal dimensions of 8 6  cm in length, 2.8 cm in width, and 30 cm in 
height. A schematic illustration o f the flow system is presented in Figure 4.1 and an 








DNAPL Pool (#55 Sand)






# 90 Sand' 
Figure 4.1 Schematic diagram of experiment setup.
The inside o f the aluminum tank was painted with a layer of ceramic paint (about 0.3 mm 
in thickness, purchased from Sherwin Williams, London, Ont.) to prevent KMn0 4  
reaction with the aluminum. This ceramic paint was tested and found that it did not react
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with K M n0 4  at high pH (approximately 10.5) or absorb PCE. Tempered glass on the 
front was designed to allow visualization of the oxidation processes. A Viton o-ring (2.5 
mm diameter) together with the vacuum grease was used between the glass and the frame 
to prevent air and water from escaping during the experiment. Three top openings or 
filling ports were used to place sand and bentonite.
Figure 4.2 Photograph of the sand box with PCE pool constructed at the bottom 
prior to the permanganate flush (PCE was dyed by Sudan IV).
4.3.2 Sand Characteristics and Sand Packing
Quartz sands were purchased from K&E Sand and Gravel. Bentonite was purchased from 
M-I L.L.C. Four different sizes of quartz sands were used. Porosity of a sand was 
measured based on the difference in dry sand and saturated sand weight of samples 
having identical volume. Hydraulic conductivity of the sands was measured using the 
falling head method (Bear, 1972). All measurements were made in triplicate. Measured 





Sand #90 Less PCE Saturatioi
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sieved into relatively uniform size and an average size was assigned to each sand, such 
that for example #55 sand passed mesh size #50 and was retained on mesh size #60 (US 
standard mesh size).
Table 4.1 Sand Characteristics
Name Size(mesh) Bulk Dry Density (kg/1) Porosity Hydraulic Conductivity (cm/s)
#25 Sand 20-30 1.537 0.44 1.93E-01
#55 Sand 50-60 1.654 0.39 5.08E-02
#70 Sand 60-80 1.632 0.40 3.03E-02
#90 Sand 80-100 1.610 0.42 1 .0 1 E - 0 2
To avoid air bubble entrapment, sand was packed wet in the tank. The tank was half-filled 
with water prior to packing and dry sand was then slowly introduced through a funnel. 
Sand layers approximately 5 cm thick were added and then slowly stirred using thin rod 
to let entrapped air escape. A wooden hammer was then used to gently tap on the sidewall 
to ensure a dense, air-free packing.
The formation of a DNAPL pool with a well-defined geometry was a very important 
component o f the experiment, so a single sand layer with defined geometry was 
constructed at the bottom with sand that was slightly coarser (#55 sand) than surrounding 
sands (#70 and #90 sand). This sand layer had dimensions of 38 cm in length, 2.5 cm in 
height, and the full width o f the tank (2.8 cm). A fine sand (#90) was placed on either side 
o f the #55 sand to prevent PCE from spreading horizontally during PCE injection and 
during the water and KMnC>4 flush so that DNAPL pool geometry would remain 
unchanged throughout the experiment. Intermediate sized sand (#70 sand) was placed
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above the #55 sand to a height of approximately 20 cm. Coarse #25 sand was placed in 
both ends o f the tank to provide constant head conditions at either side o f the tank 
yielding nearly uniform horizontal flow. A layer of bentonite about 8  cm in thickness was 
placed on top o f the #70 sand to prevent water escaping from the top filling ports. 
Bentonite was packed dry. When in contact with water, bentonite began to absorb water 
and started to expand. This expansion would compress the underlying sand and hence 
prevent preferential flow between the bentonite and the sand or upper tank wall. This 
proved to be an effective method for preventing short-circuiting along the top of the sand 
pack. During previous similar experiments (Reitsma and Marshall, 2000), sand packing in 
the tank always settled after beginning an experiment resulting in a small gap between the 
sand and upper tank wall, which then short-circuited flow.
A DNAPL pool was formed by injecting PCE into the coarse sand lens at the bottom of 
the tank. A Harvard Apparatus Pump 22 equipped with a 20-ml glass syringe was used 
for slow and even injection through the three bottom injection ports installed at the back 
of the tank. The injection rate was held at 10 ml/hr. At this injection rate, sand packing 
was observed to be undisturbed. The injected PCE remained in the #55 sand and 
produced a well-defined PCE pool (see Figure 4.2). Total injected PCE mass was 97.8 g 
(60 ml in volume), producing an average PCE saturation approximately equal to 57% 
within the #55 sand lens. A red dye, Sudan IV, was added to allow visual observation of 
the PCE distribution. Micro-scale heterogeneity of the sand packing affected the 
distribution o f PCE, where relative lighter red colour indicated lower PCE saturation 
where the sand was possibly more densely packed or slightly finer grained.
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4.3.3 Injected Solutions
Three phases of experimental work have been conducted in this experiment, including a 
pre-treatment water flush, a KMn0 4  flush and a post-treatment water flush. The initial 
Milli-Q water flush was conducted to provide a mass removal rate baseline and data for 
estimation o f transverse dispersivity prior to KMn0 4  treatment. The KMn0 4  flush was 
used to examine the removal rate. Since C f is a stable conservative reaction end product 
and oxidation of the PCE is the only source o f Cl' in this system, the total mass of 
DNAPL oxidized is determined by measuring C f in the effluent (Schnarr et al., 1998; 
Thomson et al., 2000; Schroth et al., 2001). The measured PCE concentrations in the pre­
treatment flush and C f concentration during the K M n0 4 flush were used to calculate 
removal rate and for numerical model validation. The post-treatment flush was conducted 
to observe if  PCE could be detected after the pool had undergone treatment.
A Milli-Q water flush, designed to provide baseline PCE mass removal rate data, lasted 
for 8  days. After day five o f the water flush, PCE concentration in the effluent 
approached a constant value. After approximately eight pore volumes of Milli-Q water 
were injected, KMn0 4  was introduced. Solutions o f KMn0 4  were prepared by directly 
dissolving KMnC>4 crystals in degassed Milli-Q water. Sodium carbonate (Na2 CC>3) was 
added to the solution as a pH buffer, at a KMn0 4  to Na2 C0 3 weight ratio of 1:1.5. 
Injected solution had a pH approximately equal to 10.5. Increased Na2 C0 3 concentration 
with increased KMnC>4 concentration was used to offset increased CO2 production rates 
due to more rapid reaction rates. The solution was continuously stirred to ensure complete 
dissolution of KMnC>4 and Na2 C0 3 crystals. KMn0 4  solution was held in a 25 liter glass
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jar and covered by aluminum foil. To reduce atmospheric CO2  contact, a i m  long tube (2 
mm in diameter) was connected to a vent hole in the rubber stopper placed in the jar 
opening. Three different KMnC>4 concentrations were used to study the effects of KMn0 4  
concentration on the rate o f PCE removal. The KMn0 4  concentration flush began with a 
KMn0 4  solution of 1.00±0.01 g/1 for 44 days, followed by 5.00±0.01 g/1 for 62 days, and 
completed using 10.00±0.01 g/1 for 197 days.
4.3.4 Flow Rate
A Cole-Parmer peristaltic pump equipped with a Masterflex PTFE Tubing Pump Head 
Model 77390-00 employing 4.0 mm OD PTFE tubing was used to pump KMn0 4  solution 
into the tank. A constant pumping rate was used to maintain a steady flow through the 
tank. The flow rate was designed to provide approximately one pore volume of flow 
through the tank per day (approximately 2 liters per day). Pumping speed was nearly 
constant during the entire experiment. Fatigue of the pump tubing and MnC>2 precipitation 
reduced flow rate with time, which was offset through pump speed adjustment. Self­
filtration effects caused by movement o f finer sand particles were unlikely to happen 
because the sand was well-sorted (Randhawa, 2001).
4.3.5 Sampling
Samples were taken from the effluent port. At early stages, a 10 ml sample for 
measurement of dissolved PCE concentration and a 100 ml sample for measurement of
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Cl' concentration were taken daily. The 10 ml sample was placed in a 20 ml headspace 
vial and immediately analyzed using a GC. The 100 ml samples were reacted with 
equivalent hydrogen peroxide to remove KMn0 4 . After filtration, a 50 ml sample was 
used for Cl' measurement. Small samples (one or two drop) were taken from the PCE 
pool through the injection port for pH analysis. The sampling interval was increased to 
two days at 80 days and then to seven days at 2 0 0  days.
4.4 RESULTS AND DISCUSSION
Results include measurements of PCE and C f concentration in effluent, samples from the 
pool for pH testing, and visual observations. The mass removal rate o f PCE was 
determined from effluent C f concentration since C f is conservative and can readily be 
used to determine mass of PCE oxidized.
4.4.1 PCE in Effluent
The measured PCE concentrations during the pre-treatment water flush are shown in 
Figure 4.3. Initially, PCE concentration increased slowly with time. After about 5 days, 
the observed PCE concentration approached 5.6 mg/1 and remained nearly constant for 
three days. PCE concentration can be converted to equivalent C f concentration by using 
the ratio of Cl mass in a PCE molecule to the total mass o f a PCE molecule (ratio is equal 
to 0.8551). Thus a PCE concentration o f 5.6 mg/1 is equivalent to approximately 4.8 mg/1 
o f Cf. This equivalent C f concentration may be used to compare the PCE removal rate 
during dissolution to rates achieved during oxidation. PCE concentration in the effluent is
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also used to determine transverse dispersivity prior to KMnC>4 treatment (see Chapter 5). 
PCE concentration in the effluent dropped sharply two days after the KMn0 4  (1 g/1) flush 
began to 0.6 mg/1 and gradually dropped to 0.03 mg/1 in 30 days. When 5 g/1 of KMnC>4 
was used, the PCE concentration in effluent dropped to 0.0036 mg/1 and with 10 g/1 
KMnC>4 , PCE concentration in the effluent was non-detectable. After 4 days o f post­
treatment water flushing, PCE rose to 4 pig/1 and then slowly increased to 30 pg/1 after 
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Figure 4.3 Measured effluent PCE concentrations.
Began 1 g/1 K M n 0 4 flush
Began 5 g/1 K M n 0 4 flush
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Figure 4.4 Measured effluent PCE concentrations during post-treatment water 
flush.
4.4.2 Chloride Ion Concentration in Effluent
Experiment results for Cl" effluent concentration are shown in Figure 4.5. Two days after 
the 1 g/1 KMn0 4  flush began, the concentration of Cl" rose sharply to approximately 43 
mg/1. When compared to the equivalent Cl" concentration of 4.8 mg/1 during the pre­
treatment water flush, these results show about a 9 times increase in PCE mass removal 
rate or enhancement factor. The theoretical calculated enhancement factor is about 3.3 
using an approach presented by Reitsma and Dai (2001). Possible reasons why the 
measured chloride concentration in the effluent is higher than the theoretical calculation 
will be discussed in the following sections.
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1. Began 1 g/1 K M n 0 4 flush 2. Began 5 g/1 K M n 0 4 flush
3. Began 10 g/1 KMnO„ flush 4. Plugging and leaking
Figure 4.5 Measured effluent Cl' concentrations.
When the KMnC>4 concentration was increased to 5 g/1, initially the concentration of C f 
jumped to about 143 mg/1 and slowly declined to about 80 mg/1. The average 
enhancement factor during this period of flushing was approximately 23. Theoretical 
values o f enhancement factor are approximately 9 based on an approach presented by 
Reitsma and Dai (2001).
Concentration of C f rose to 150 mg/1 during the 6 days after commencing the 10 g/1 
KMn0 4  flush and then began decreasing in a similar pattern as during the 5 g/1 KMn0 4  
flush. However, after 200 days, plugging at the effluent port and continued pumping at
the influent port caused pressure build up and a substantial amount of PCE leaked out. C f
concentration began to decline sharply to 20 mg/1 over the next 25 days, and then slowly 
tailed to about 6 mg/1. The enhancement factor peaked at 31, reduced to approximately 23
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at 200 days, and then quickly reduced to less than one. The theoretical enhancement 
factor, neglecting plugging effects, is approximately 14 at 10 g/1 KMn0 4  calculated using 
equations presented by Reitsma and Dai (2001).
Chloride concentration in the effluent experienced a significant jump in concentration 
around day 140 and then continued to increase until day 150. After day 150 chloride 
concentration declined until day 197 at a rate approximately equal to the rate o f decline 
prior to the jump at day 140. After day 197 concentrations dropped rapidly. A potential 
explanation for the jump at day 140 and the rapid decline after day 197 follows.
At day 148 o f the experiment, plugging o f the influent port occurred and pumping 
stopped for about 8 to 12 hours. When the pump stopped a buoyant plume, visible 
because no permanganate existed in the plume, rose from above the NAPL pool and 
extended to about 10 cm above the NAPL pool. Reaction continued to take place even 
without pumping and would then have increased the chloride effluent concentration for a 
brief period o f time following clearing o f the influent port. This increase in chloride 
concentration should have been short lived. However, higher concentrations were 
observed for almost 25 days following the pump failure suggesting that something in the 
system had changed. What that was is uncertain.
Figure 4.6 shows the experiment at day 128. At this point in the experiment, no KMnCL 
appears in the NAPL zone. At day 194, however, KMnCL is clearly visible in the NAPL 
zone as shown in Figure 4.7. Leaked fluids created a brown stain on the bench top 
directly below the NAPL zone, which is also seen in Figure 4.7. The brown stain, which
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is likely dried bicarbonate, chloride, manganese oxide, and permanganate, grew in size 
over the next 24 hours as shown in Figure 4.8. Again, permanganate is clearly visible in 
the NAPL zone, which suggests that fluids were exiting the tank below the pool and 
permanganate solution was replacing the lost fluids. At day 200 it is clear the tank was 
leaking creating large brown stain on the bench top as shown in Figure 4.9. At this time, 
the fasteners holding the glass on the front of the tank were tightened further, which 
successfully stopped the leakage and allowed the experiment to continue.
In retrospect, the experiment should probably have been discontinued after leakage began 
since final mass balance of PCE revealed that significant amounts o f PCE were 
unaccounted for and were probably lost during leakage although there was no way of 
determining this until the end of the test. It appears that blockage o f the effluent port, 
which caused pumping failure at day 197, created enough pressure in the tank to initiate 
leakage.
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I!
Figure 4.6 NAPL zone at day 128 with no evidence of KMnC> 4 in that zone.
Figure 4.7 NAPL zone at day 194 with clear evidence of KMnCL now in that 
zone. The circled spot indicates staining on the bench top.
Figure 4.8 NAPL zone at day 195. The stain is now more evident.
Figure 4.9 NAPL zone at day 197. Leakage is clearly evident with a large stain on 
the bench top. KMn0 4  appears in much of the NAPL zone. The date 
on the picture is incorrect and should read 14/10/2000.
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4.4.3 PCE Mass Balance
Chloride and PCE concentrations in the effluent along with flow rate are used to 
determine mass of PCE removed from the NAPL zone. Cumulative PCE mass removed 
with time, normalized using initial PCE mass, is shown in Figure 4.10. Approximately 
48% of the PCE mass is accounted for in the effluent. The remainder should have been in 
the tank as NAPL, dissolved phase, or chloride. When the tank was disassembled, sand 
from the NAPL zone and about 2 cm on top and sides of the NAPL zone was placed 
immediately in methanol to extract any remaining PCE. The methanol was analyzed for 
PCE and concentration was 156.7 pg/1, which suggests that approximately 0.4 mg of PCE 
remained in the tank. Chloride mass remaining in the tank was not measured. Since 
concentration o f chloride in the effluent had dropped to less than 10 mg/1, it was expected 
that an insignificant mass of chloride remained in the tank (maximum of approximately 
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Figure 4.10 Fraction of initial PCE mass removed as a function of time.
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Thus, only about 50% of the PCE mass is accounted for in the effluent and mass 
remaining in the tank. I speculate that a significant amount of PCE leaked from the tank 
during the leakage episode that occurred around day 194 of the experiment. This could 
account for the dramatic decline in chloride concentration after that point in time. If 50% 
of the mass leaked from the tank around day 194, with approximately 42% of the mass 
already removed, approximately 8% of the original PCE mass would remain in the NAPL 
zone. If the NAPL zone decreased in size by 30% (roughly estimated based on Mn02 
distribution in the NAPL zone), the average NAPL saturation remaining after leakage 
would be approximately 7%, which would be consistent with literature values for residual 
non-wetting phase saturation (e.g. Brooks and Corey, 1964; Gerhard and Kueper, 2003). 
This does suggest that a single leakage episode over a four or five day period may 
account for most of the mass balance discrepancy since NAPL could have continued 
moving out the tank until residual NAPL saturation was achieved. However, this is 
uncertain and other potential losses such as ongoing vapour leakage could also have 
occurred.
Due to a mass balance discrepancy of 50%, it is impossible to conclude from this 
experiment that permanganate flushing alone could have removed 99.99% of the initial 
PCE mass, even if no PCE was found in the tank at the end o f the experiment. If chloride 
concentration remained at 100 mg/1 after day 200 until all remaining PCE mass was 
removed via oxidation, total flush time would have been approximately 450 days. If 
leakage accounted for mass imbalance, the 450 day estimate would represent a best-case 
scenario for complete NAPL removal. If chloride concentration decreased following the 
trend in chloride data between day 111 and 140, total time could range between 500 and
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near infinity, depending on type o f trend line one wishes to put on the data (e.g. power 
law, exponential, linear etc.). Fits to the data are not included because it is uncertain 
which fits should be used. Thus from the experimental data alone, it is difficult to 
establish the time frame for removing more than 50 to 60% of the total PCE mass.
If indeed leakage of PCE occurring around day 194, numerical models that incorporate 
important oxidation process and can match data reasonably well prior to the leakage event 
may be used to calculate PCE removal rates beyond the leakage event by extrapolating 
what would have happened if  leakage had not occurred. On the other hand, if  leakage was 
not the main factor in loss of PCE but rather loss occurred continually or periodically at 
undefined times through for example vapour loss, numerical modeling o f the 
experimental data would provide little value since it would be neglecting an important 
process. Unfortunately, there is no way to guarantee that PCE loss was due to leakage at a 
particular time. Nor is it possible to quantify the probability that leakage was the culprit, 
although leakage seems to be the most likely explanation for PCE loss and is consistent 
with visual observations. Numerical model validation provided in Chapter 5 assumes that 
leakage was responsible for the PCE mass imbalance and experimental data prior to the 
leakage event is valid. Greater certainty can only be achieved through repeat 
experimentation.
4.4.4 Carbon Dioxide
CO2  accumulation within the PCE pool was observed and is shown in Figure 4.11. In this 
experiment KMnC>4 solution was buffered using Na2 CC>3 at a pH of approximately 10.5
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and consequently most of the CO2 produced was absorbed and removed by water passing 
over the reaction zone. The measured pH of the effluent solution was approximately at 
10.5, which indicated that the water in the tank was effectively buffered. However, the 
measured pH in the PCE pool was lowered to around six and the CO2 gas slowly 
accumulated within the pool. Initially, single CO2 gas bubbles appeared and then steadily 
grew until they connected to each other on the top part of the PCE pool. Gas appeared 
further down in PCE pool due to continued CO2 production and eventually much of the 
pool contained CO2 gas bubbles. Most o f the reaction occurred at the top zone of the PCE 
pool and it is here where the CO2 production rate was greatest.
Gas samples from pool had high PCE concentration. The gas phase in the PCE pool 
provided an additional transport mechanism for the PCE to the pool edges. However, the 
CO2  gas bubbles inside the pool, together with the Mn02 precipitation on the top part of 
the PCE pool significantly reduced the relative permeability to water and prevented flow 
o f KMn0 4  in the pool.
4.4.5 Manganese Dioxide
Figure 4.11 shows the MnC>2 precipitation distribution during the KMnC>4 flush. MnC>2 
was deposited around the periphery of the PCE pool shortly after the KMn0 4  was 
introduced and acted as an indicator o f where KMnCVPCE reaction was occurring. Most 
reaction took place in the top zone of the PCE pool where the colour became darker with 
more MnC>2 precipitated. The thickness o f MnC>2 precipitation layer continuously 
increased with time and progressed down into the pool. Micro-scale heterogeneity o f the
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sand packing not only affected the distribution of the PCE pool, but also affected 
distribution of the Mn02 precipitation, with a thicker MnCE layer in areas of lower PCE 
saturation.
Flow direction
Zone of initially low 
PC E  saturation
Extent of PC E pool |  M anganese dioxide C O , bubbles
E xtent of horizontal penetration
Figure 4.11 Manganese dioxide precipitation layer and carbon dioxide gas bubble 
development during the permanganate flush at 12 days. Penny is 
included for scale.
After the post-treatment water flush, the MnCE precipitation area, indicated by dark color, 
was clearly visible. MnCE precipitation mainly surrounded the PCE pool source zone 
showing that most of the PCE was oxidized in close proximity to the pool and no NAPL 
remobilization occurred. Figure 4.12 shows the cemented sand blocks from the PCE pool 
after completion of the experiment. MnC>2 precipitation effectively cemented sand 
together forming a rocklike material. It is expected that the hydraulic conductivity of this 
material was much less than original hydraulic conductivity of the sand although it was 
never measured.
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Because flow in the periphery of the pool is reduced, diffusive transport of KMn0 4  and 
PCE is the only remaining mechanism of the mass transport to or from the NAPL pool. 
Once the low permeability Mn02 zone is developed, reaction occurs almost entirely in 
this zone and Mn02 continues to build up in this zone. It is possible that even diffusive 
transport from the NAPL zone could slow significantly with continued Mn02 
precipitation due to porosity reduction and effectively isolate the NAPL zone from the 
oxidation flush.
9 10 1! 12 13 1? 15
Figure 4.12 Cemented sand blocks from PCE pool (scale-cm).
4.4.6 Enhancement Factor Discussion
With the three different concentration KMnCL flushes, experimental enhancement factors 
were higher than theoretical values predicted using the approach given by Reitsma and 
Dai (2001). The experimental enhancement factor versus time is shown in Figure 4.13. 
The experimental enhancement factor is calculated by normalizing the observed chloride 
concentrations in the effluent by the pseudo-steady state equivalent chloride concentration 
observed during the pre-flush.
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1. Began 1 g/1 K M nO  4 flush 2. Began 5 g/1 K M nO  4 flush 
3. Began 10 g/1 K M n04 flush 4. Plugging and leaking
Figure 4.13 Calculated enhancement factors.
Horizontal flow across the top of the NAPL zone and no reaction in the NAPL zone is 
assumed when determining the theoretical enhancement factor using equations given by 
Reitsma and Dai (2001). If these assumptions are correct, mass transport o f KMnC>4 to 
and PCE from the NAPL zone would primarily occur due to transverse dispersion just 
above the NAPL zone. If vertical flow occurred above the NAPL zone so that KMnC>4 
could be rapidly brought in direct contact with the NAPL zone, enhancement factors 
could be much greater. Thus one possible explanation for observed versus theoretical 
differences is vertical flow. Vertical flow may be caused by density-driven mixing in the 
vicinity o f the pool. An estimate o f change in solution density with reaction can be 
determined using Eq. 4.1. Four moles of MnO 4 reacted with 3 moles of PCE and 4 moles 
o f water will produce 6 moles CO2 , 4 moles MnCE, 12 moles C f, and 8 moles H+. If one
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were to prepare a one litre aqueous solution o f 63.3 mM/1 KMnCL (10 g/1), the solution 
density would be approximately 1007 g/1 (assuming water density and the solution was 
1000 g/1). If  47.5 mM PCE (8.0 g) were then added and the solution mixed vigorously so 
that all PCE and KMnCL reacted, 63.3 mM/1 MnC>2 (5.5 g) would be removed from 
solution (assuming it precipitates), while 190 mM of C f (6.7 g/1) and 95 mM/1 of CO2 
(4.2 g/1) would be added (assuming CO2 remains in solution). The change in density of 
the solution would be approximately +3.8 g/1 or +0.38%. Density-driven or buoyancy- 
induced flow can occur whenever local difference in fluid density, create buoyancy forces 
that induce vertical motion (“sinking” or “rising”) (Gebhart et al., 1986). Small density
5 3 •differences (relative density differences o f 7.5 x 10’ to 1.5 x 10’ ) in tracer tests can 
result in increased apparent transverse and longitudinal dispersivities (Istok and 
Humphrey, 1995), indicating two important facts. First, small density differences can 
cause additional mechanical mixing at the scale o f dispersive mixing. Second, this 
additional mixing can be represented in transport simulation as a dispersion term if 
density-driven flow does not dominated.
In the sandbox experiment, density differences due to reactions may drive the KMn0 4  
solution downward toward the NAPL zone, and at the same time, may cause upward 
movement of PCE rich water. While this was not visible during active flushing, 
observations during a brief pump failure showed a buoyant plume containing no KMnC>4 
(no purple color) rising from the NAPL zone and KMnC>4 solution replacing the rising 
plume.
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Another possible reason for the ‘high’ enhancement factors observed in the experiment is 
potential CO2 'respiration' caused by CO2  degassing within the pool. The pH in the 
effluent remained approximately at 10.5, while the pH within the PCE decreased to 
approximately pH 6 due to the reaction. At pH less than neutral, CO2 solubility is low 
relative to at high pH so as pH decreased in the NAPL zone CO2 degassing occurred. 
Above the PCE pool, the KMn0 4  solution remained buffered at high pH so that CO2 
degassing did not occur here and CO2  was dissolved from the NAPL zone. Continued 
generation o f CO2  within the PCE pool and continued absorption o f CO2 outside the pool 
may generate flow in the CO2 gas, which in turn will transport PCE vapour in the CO2 gas 
to the KMnCL solution. In addition to possible CO2  gas movement, the diffusion rate of 
PCE vapour in the CO2  gas would be much greater than in water (several orders of 
magnitude), which would enhance movement o f PCE from the NAPL zone to its edge. 
However, enhanced transport within the NAPL zone due to presence o f CO2 gas does not 
provide a completely satisfactory explanation for the higher than predicted removal rate. 
Equations for theoretical enhancement factors from Reitsma and Dai (2001) were 
developed using the assumption that aqueous PCE concentration at the NAPL edge is 
equal to its solubility. While presence of CO2  gas in the NAPL zone would make this 
condition more likely, it can not make PCE concentration exceed solubility. Unless the 
CO2  gas increased PCE transport away from the NAPL zone or increased KMnCL 
transport into the NAPL zone, which seems unlikely, presence o f CO2 gas in the NAPL 
zone can not explain why observed enhancement factors exceeded theoretical values.
Equations from Reitsma and Dai (2001) were developed using the assumption that all the 
reaction occurs above the NAPL zone. Experimental observation indicates that much of
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the reaction took place in the NAPL zone since most o f the MnC>2 accumulation occurred 
there. Reaction in the NAPL zone provides additional contact time between KMnCL and 
PCE that would not occur under assumptions used by Reitsma and Dai (2001). The 
additional contact time will cause the actual enhancement factor to exceed that predicted 
by the approach given by Reitsma and Dai (2001). However, if  the reaction rate were 
rapid enough such that KMnC>4 concentration approached zero at the top of the NAPL 
zone, the assumptions made by Reitsma and Dai (2001) would be reasonable. For 
conditions in this experiment permanganate was significantly greater than zero above the 
NAPL zone.
Average NAPL saturation during the oxidation experiment did not drop below 0.15 prior 
to day 200 o f the experiment based on a PCE mass balance. From visual observation the 
pool length changed little. Presence of CO2  gas within the NAPL zone could likely have 
increased interphase mass transfer due to the higher diffusion coefficient o f PCE in a gas 
phase. Thus it is unlikely that reduction in pool length or rate-limiting interphase mass 
transfer were the cause of declining chloride concentration. If these two factors were not 
responsible for the reduced PCE removal rate, the only obvious remaining factor is 
permeability reduction around the NAPL zone due to MnC>2 precipitation. Randhawa 
(2001) measured reduction o f permeability with MnC>2 and found that permeability 
reduction due to MnC>2 precipitation is greater than wetting phase relative permeability 
reduction due to presence o f gas or NAPL. Once Mn02 reduces permeability around 
NAPL zone, which it will do, KMn0 4  can only diffuse into the NAPL zone and PCE can 
only diffuse out o f the zone, which will definitely reduce removal rates. For thicker 
NAPL zones where NAPL saturation is sufficient to generate enough Mn02 to cause
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complete local plugging, reduction in removal rate is expected to be even greater than 
seen in the experiment whereas thinner NAPL stringers may see little reduction.
4.5 CONCLUSIONS
It is expected that ISCO will significantly reduce NAPL removal time. Time to remove 
the 97.56 g PCE within the pool used in this experiment, with water flushing alone, is 
calculated to be approximately 20 years based on the PCE concentration in the effluent 
during the pre-treatment water flush. The average enhancement factor for the 5 g/1 
KMn0 4  flush was about 23. Under these conditions, it would take one year to eliminate 
all the PCE within the pool assuming a constant removal rate. Without Mn02 plugging, 
this enhancement factor may be even larger. In this experiment, approximately 45% of 
the total PCE mass was removed within 200 days of active KMnCL flushing, based on 
chloride concentration in the effluent. It appears that MnC>2 precipitation plugged the 
porous medium around the reaction zone, and hence significantly reduced the remediation 
efficiency.
Experiments by Reitsma and Marshall (2000) showed that without pH buffering, CO2 
degassing could occur and this could remobilize the PCE, which may in turn significantly 
affect the oxidation efficiency. However, remobilization of DNAPLs may be undesirable, 
particularly, if  no benefit is gained from the remobilization. This experiment 
demonstrated that Na2 C0 3  can be effectively used to buffer the KMnC>4 solution and will 
absorb most o f the CO2 generated during the oxidation process. Reduced CO2 degassing 
will reduce chances of DNAPL remobilization as well as reduce the plugging effect from
7 7
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C 0 2 gas bubbles. For systems with natural pH buffering to maintain pH level high 
enough to significantly increase C 0 2 solubility (pH>8), C 02 degassing may be 
insignificant so that addition o f pH buffers provides no benefit.
Experimental results indicate that M n02 precipitation likely decreases rate of NAPL 
removal. Further experiments are needed to gain a better understanding of oxidation 
processes with complex DNAPL pool configurations and the effects o f additives to 
control M n02 precipitation.
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CHAPTER 5 NUMERICAL SIMULATION OF 
PERMANGANATE FLUSHING OF POOLED 
TETRACHLOROETHYLENE
5.1 INTRODUCTION
Computer modeling can potentially assist in the design and optimization of an in situ 
chemical oxidation (ISCO) application because detailed processes and parameters can be 
assessed, such as the injected oxidant concentrations, injection time, and potential 
benefits or side effects due to the reaction process and reaction end products. Numerical 
simulation may also increase understanding of interaction of complex processes, which 
can be difficult to assess individually such as the role of reaction products on oxidant 
delivery. Detailed process knowledge would reduce the cost and potential problems for 
ISCO (Zhang and Schwartz, 2000). ISCO of DNAPL may include several processes, such 
as advection, dispersion, absorption, inter-phase mass transfer, solid precipitation, and 
first- to high-order reactions.
Significant development of reactive chemical transport models has occurred in the last 
decade. The approaches to simulate reactive transport have been intensively reviewed by 
Saaltink et al. (2001). Two families o f approaches reviewed are the Direct Substitution 
Approach (DSA), based on Newton-Raphson iteration, and the Sequential Iteration 
Approach (SIA). In general, DSA is more robust than SIA in terms of time step and grid
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size. However, the size of the equation system in DSA is much larger than SIA and hence 
requires more computer memory.
A common SIA used for solving the advection-dispersion-reaction equation is the 
Operator Splitting Technique (OST). A critical assessment of OST was given by 
Kaluarachchi and Morshed (1995), and Morshed and Kaluarachchi (1995). OST may be 
further divided into Normal Operator Splitting Technique (NOST), Strang Splitting 
Technique (SST) (Strang, 1968), and Alternate Operator Splitting Technique (AOST) 
(Barry et al., 1996a,b).
Two stages are involved in NOST. In the first stage, the NOST solves the advection- 
dispersion equation (ADE), and then in the second stage, it solves reaction processes 
using the solution from the first stage as initial conditions for reaction. In a sequence o f 
two time steps, AOST is similar to the NOST in the first time, but in the second time step, 
the order o f solution of the ADE and reaction processes are reversed. The algorithm of 
SST is similar to AOST except that it uses the half time step of AOST. Therefore, the 
SST is superior to AOST, and AOST is superior to NOST. The NOST technique may 
result in numerical error O(At) (Valocchi and Malmstead, 1992), while the AOST may
result in 0 (A t2) accuracy (Barry et al., 1996a,b). Three attractive features of OST are 
identified by Valocchi and Malmstead (1992). First, different solution schemes can be 
used for each stage, finite difference (FD) or finite element method (FEM) can be used to 
solve the ADE while the reaction equation can be solved by FD or Runge-Kutta methods. 
Different time steps can be used for each stage. Second, OST can be efficiently solved on
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parallel computers. Third, different reaction solution schemes, for equilibrium or kinetic 
reactions, can be readily added and coupled into the existing codes that solve for non­
reactive solute transport only.
Two o f the most common comprehensive and widely used mass transport models 
developed are MT3D (Zheng, 1990) and RT3D (Clement et al., 1998), which utilize 
USGS flow code MODFLOW (McDonald and Harbaugh, 1988). NOST strategy is used 
in RT3D to solve ADE and reaction equations for multiple species. RT3D, based on 
MT3D with several extended reaction capabilities, can accommodate multiple mobile and 
immobile species with any reaction framework that the user needs to define. Available 
solutions for advective transport in RT3D include MOC (Method of Characteristic), 
MMOC (Modified Method of Characteristic), HMOC (Hybrid Method o f Characteristic), 
the third order TVD scheme, and FD. The dispersion and source/sink mix packages use 
implicit or explicit finite difference approaches. Typical application of MODFLOW and 
RT3D include only problems where flow is independent o f transport. However, as 
DNAPL is removed in a porous medium, either by dissolution or by reaction, the relative 
permeability will be changed. Saba and Illangasekare (2000) had modified MT3D and 
MODFLOW codes to incorporate the relative permeability change due to DNAPL 
dissolution. During chemical oxidation o f DNAPL, there will also be solid precipitation, 
which will affect flow and should be considered in further model development.
In this study, two numerical models, MODFLOW and RT3D have been modified and 
combined to investigate reactive transport processes in a porous medium during KMn0 4  
flushing of pooled DNAPL. A numerical model is developed and tested to ensure that the
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important physical and chemical processes occurring during ISCO are properly 
represented. Experiments are used to obtain the important transport and reaction 
parameters (such as the dispersivity and reaction constants), and to provide validation 
data, such as PCE and chloride concentrations in effluent, for numerical model 
development. The numerical model is used to assess factors affecting the oxidation 
processes. Because it is costly, time consuming, and difficult to run physical ISCO 
experiments to examine different subsurface conditions or injection procedures, a 
properly validated model should dramatically reduce the number or duration of 
experiments (or field trials) required to evaluate designs. Modeling may also help identify 
critical issues that need to be addressed before full-scale application will be successful. In 
particular, for KMn0 4  ISCO, Mn02 precipitation and occurrence o f NAPL are assessed.
5.2 NUMERICAL MODEL DEVELOPMENT
5.2.1 Governing Equations
The reactive transport process in a porous medium may include mobile fluid phases and 
immobile fluid or solid phases. During in situ oxidation, primary processes can be 
considered as isothermal, single-phase flow. While density dependent flow may be 
important, it is not considered in this model development.
The numerical method developed here utilizes USGS MODFLOW (McDonald and 
Elarbaugh, 1988) and RT3D codes (Clement et al., 1998). MODFLOW simulates the
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three-dimensional single-phase flow of constant density through a porous medium, which
may be described by the partial-differential equation
_ Sh d  . . .  5 h .  d  0h d  dh  c  i
• i r = S  "5x 5y " 8y az( “ flz ^
where x, y, and z are Cartesian coordinate axis [L]; Kxx, Kyy, and Kzz are hydraulic
conductivity parallel to the major axes o f hydraulic conductivity in x, y, and z directions,
respectively [L T -1]; h is the potentiometric head [L]; w represents sources/sinks [T _l];
Ss is the specific storage [L-1 ]; and t is the time [T],
RT3D simulates aqueous phase multi-component reactive transport, which may be 
described by the differential equation
^ 1 +  V -(C ,v) -  V -[D , V( C ,)] -  q ,  -  I f = 0 i= l...n c 5.2
o t
where Q  is the concentration o f the compound i [ML-3]; nc is the total number of 
compounds; v is the aqueous phase flow velocity [LT'1 ]; Dj is the hydrodynamic
9 1  ̂ 1dispersion coefficient [L T" ]; q, and f  are source and sink terms, respectively [ML‘ T" ]; 
and t is the time [T]. Source term may include desorption, dissolution from NAPL, and 
reaction end products and sink term may include absorption and reaction. Eq. 5.2 includes 
assumptions o f constant porosity and constant aqueous phase density for all compounds. 
Advection and dispersion terms in Eq. 5.2 are nil for immobile compounds.
The same discretized domain used by MODFLOW is used by RT3D to calculate mass 
transport. RT3D solves the partial differential equations that describe multiple mobile or 
immobile compound transport with reaction in a three-dimensional saturated porous
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medium. RT3D uses the hydraulic heads calculated in MODFLOW to determine the 
velocity field.
DNAPL and Mn02 are simulated as immobile compounds. No significant mobilization of 
the DNAPL was observed during the experiment indicating that this assumption is 
reasonable. However, DNAPL saturation within the pool will change as it is removed. 
DNAPL at the bottom of a pool or at the down gradient end of a pool may move to areas 
of lower DNAPL saturation where DNAPL was removed. This process could lead to 
overall decrease in DNAPL saturation in the DNAPL pool without significant changing 
the pool size until residual DNAPL saturation is achieved. Because the model assumes 
DNAPL is immobile, this process is not simulated and the pool is systematically reduced 
in size. No significant mobilization of the MnC>2 was observed during the experiment. 
Some o f the MnC>2 deposited at the downgradient of the DNAPL pool was the result of 
the KMnCL reaction with the PCE downgradient plume. No colloidal particles o f MnC>2 
were observed in the effluent and visual observation of the MnC>2 in the open box after 
completion of the experiment showed that most of the MnC>2 precipitated in the NAPL 
zone indicating that assumption of immobile of MnC>2 is reasonable.
5.2.2 Constitutive Equations
5.2.2.1 Relative permeability
During K M n04 oxidation of PCE, the immobile phase (PCE) in the NAPL zone will 
gradually be removed, which will affect relative permeability to the wetting phase and a
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new immobile solid phase (MnCh) will be produced, which will affect the permeability o f 
the porous medium. Brooks and Corey (1964) developed capillary pressure-saturation- 
relative permeability relationships in a two-phase system. The Brooks and Corey (1964) 
relation for relative permeability is applied in this study for the aqueous phase as 
k TO=Sl2+3̂  5.3
where Se is an effective saturation [-]; krw is the relative permeability for aqueous phases 
[-]; and X is the pore size distribution coefficient [-]. Effective saturation and relative 
permeability are defined as 
S -S
S  = l f w _ ^ L  5 . 4
e sm-sr
k = - ^ -  5.5
k.rw ^sat
where Sw is aqueous phase saturation [-]; Sr is residual aqueous phase saturation [-]; Sm is 
maximum aqueous phase saturation [-]; k wis permeability o f porous medium to the 
aqueous phase [L2]; and k sat is porous medium permeability [L2]. Similar forms to the 
Brooks-Corey equations have been developed by various authors (e.g. van Genuchten, 
1980; Parker et al., 1987; and Clayton, 1999) in which the main controlling factors are 
phase saturation and pore size distribution.
In a water-oil-solid phase system, relative permeability as a function of liquid saturation 
can be described by the well-established Brooks-Corey equation. However, the equation 
may not be used to represent permeability reduction due to solid phase precipitation. 
Randhawa (2001) conducted twelve one-dimensional column experiments to investigate 
permeability reduction due to MnC>2 precipitation. Experimental results show that the 
relation between porosity reduction and permeability reduction is much different than for
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presence of organic phase. A 2% reduction in porosity by MnC>2 reduces permeability by 
approximately 98% as compared to 10% when the same portion o f the pore space is 
occupied by organic phase. Randhawa (2001) suggest two mechanisms are responsible 
for reduced permeability with MnC>2 precipitation; one is sand grain coating and the other 
is pore throat plugging. One possible explanation for the large reduction in permeability 
could be that Mn0 2  precipitation is mainly plugging pore throats rather than coating sand 
grains. The change in permeability due to the Mn02 precipitation may be expressed as 
(Randhawa, 2001)
k/ko=(<l>/Me 5.6
• * 2where k and ko are permeability and initial permeability of the porous medium [L ],
respectively; <j) and 4>o are porosity and initial porosity o f the porous medium, respectively 
[-]; and 0 is a constant [-], here referred to as the plugging coefficient, whose value 
depends upon the geometry of the porous medium and plugging processes. Randhawa 
(2001) calculated § based on the initial (j>o minus the volume o f precipitated MnC>2 per 
unit volume o f pores. The amount o f precipitated MnC>2 volume was calculated using 
chemical reaction rate equations. Randhawa (2001) found the plugging coefficient, 0, has 
a range o f values from 60 to 240. Due to significant scatter in experimental data from 
Randhawa (2001), the value o f 0 is not certain. The plugging coefficient 0 used in the 
numerical model is determined through model calibration.
Relative permeability changes caused by Mn02 precipitation and presence of NAPL are 
incorporated in the numerical model as changes in hydraulic conductivity. When both 
NAPL and MnC>2 are present, effects are superimposed.
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5.2.2.2 Darcy’s equation
The generalized Darcy’s equation for the mobile aqueous phase can be written as (Bear, 
1972)
" k k rw
( V P w +  P w g V z ) 5.7
where q w is the Darcy flux [LT-1]; k is the porous medium permeability tensor [L T -1];
1 1 * .  1 2 * pw is the viscosity o f aqueous phase [ML' T' ]; Pw is the fluid pressure [ML' T' ]; pw is
the mass density of aqueous phase [ML'3]; g is the specific gravity [LT'2]; and z is the
elevation [L], Aqueous phase flow velocity is given by
v=qw/(j) 5.8
where v is the velocity [LT'1].
5.2.2.3 Dispersivity
The hydrodynamic dispersion D, for the aqueous phase may be written as (Bear, 1972)
D f = D ” + a|v| 5.9
where D"1 is the effective molecular diffusion coefficient for compound i in the aqueous
7 1 • , ,
phase [L T’ ] and a  is the dispersivity [L],
RT3D uses the same molecular diffusion coefficient for all compounds. Each compound 
has a unique diffusion coefficient so that in diffusion dominated systems, use of a single 
value for all compounds will cause some error. For advection dominated systems, this 
approach is reasonable. Hydrodynamic dispersion is composed of molecular diffusion and
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mechanical mixing. When the pore water velocity is very small or equal to zero, 
molecular diffusion will dominate the dispersion process, which may be occurred when 
the DNAPL pool was plugged either by high saturation o f DNAPL or the solid 
precipitation from end product o f the oxidation, such as MnC>2 .
5.1.2.4 Chemical reaction
Chemical reactions may reduce or increase concentrations of existing compounds and 
may produce new compounds. This process is included in the source or sink term in 
Eq. 5.2. In general, the chemical reaction may be written as
^ i = K , f f c p  j= l . .n e 5.10
O t j=l
where Kr is a reaction constant (units reaction specific); y, is the reaction order for
compound j in the aqueous phase [-]; nc is the number of compounds in the reaction; and 
Cj and Cj are the concentration of compound i, and j in the aqueous phase, respectively. 
Molarity units are commonly used in this expression.
5.2.2.5 Inter-phase mass transfer
A non-equilibrium mass transfer model was adopted rather than an equilibrium model so 
that mass transfer limitations within the NAPL zone could be examined. No literature on 
mass transfer models for the permanganate/PCE system exists so it was necessary to 
resort to equations developed for water/NAPL systems. Researchers have often used 
single-film theory to represent inter-phase mass transfer for dissolution of organic
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compounds (e.g. Powers et al., 1992; Imhoff et al., 1994). A linear driving force model is 
used to represent the mass transfer process as
j a  = - D A b ^ = k 1 ( C . - C a )  5.11
where Ja is the flux o f compound A [ML-2T -1]; DAb is the diffusion coefficient of 
compound A in solution B [L2T -1]; K m is the mass transfer coefficient [L T -1], 
represented by DAB/5  , where 8 is the thickness of the film [L]; Z is the diffusion 
distance from the NAPL interface [L]; Cs is the concentration of compound A at the 
interface [ML-3]; and CA is the concentration of compound A in the bulk solution B 
[ML-3].
Commonly a lumped mass transfer coefficient (Km) is used that includes a specific 
interfacial area as
K m= K ma nw 5.12
where a nw is a specific NAPL/water interfacial area [L'1], representing interfacial area 
between organic and aqueous phase per unit volume porous medium and Km is a lumped 
mass transfer rate coefficient [T -1 ].
The specific interfacial area is a function o f pore geometry (e.g. pore body to throat ratio, 
pore topology, and pore size distribution etc.) and fluid properties (e.g. interfacial tension, 
viscosity, and density, etc.). Values for the specific interfacial area are difficult to 
measure and may change with time. Hence, values for the lumped mass transfer 
coefficient as expressed in Eq. 5.12 were determined through one-dimensional column
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experiments (e.g. Miller et al., 1990; Powers et al., 1992, 1994a,b; Imhoff et al., 1994) 
and two-dimensional experiments (e.g. Saba and Illangasekare, 2000).
A lumped mass transfer coefficient (Km) used to describe DNAPL dissolution has been 
related to a modified Sherwood number, Sh, (Miller et al., 1990; Powers et al., 1992, 
1994a,b; Imhoff et al., 1994) as
Sh = K md p D ^  5.13
where dp is mean grain size diameter [L], Miller's Model (Miller et al., 1990) had been 
developed using a wide range of organic saturation (2.6-21.5%) and is adopted here as
Sh = 12 SUJ  S"'5 5.14
where Reis Reynolds number (Rc= d pv / y )  [-]; Sh is Sherwood number [-]; Sc is Schmidt
number (Sc= y /D AB) [-], y is of water kinematic viscosity [L2T -1]; and Snw is organic
phase saturation [-]. NAPL saturation in the validation experiment, discussed in Chapter 
4, initially exceeded the range o f NAPL saturation used to develop Eq. 5.14. At high 
NAPL saturation interphase mass transfer is relatively rapid compared to at low NAPL 
saturation. Error due to over estimation o f the mass transfer should be insignificant, since 
local equilibrium is approached at high NAPL saturation (Sale and McWhorter, 2001).
5.2.3 Coupling of Flow and Transport Models
MODFLOW and RT3D are well-established computer codes to simulate multi-species 
reactive transportation where flow is independent of transport. However, during KMn0 4  
oxidation o f chlorinated compounds, Mn0 2  precipitation and organic phase saturation
90
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changes cause significant changes in porous medium permeability thus affecting the flow 
field. Transport and reaction processes are then affected by changes in flow conditions. In 
order to consider these effects, existing MODFLOW and RT3D models have been 
combined so that the flow field is periodically updated using reactive transport results 
from RT3D. This numerical approach has been termed as a partially coupled solution. 
Permeability reduction due to presence o f an organic phase and Mn02 precipitation is 
incorporated in MODFLOW using a recently a developed functional equation for Mn02 
plugging (Eq. 5.6) and Brooks-Corey relationships (Eq. 5.3) for presence o f organic 
phase. The equation for Mn02 plugging was developed for data derived from one­
dimensional column tests at various hydraulic gradients (1 to 8) and a pH around 10. 
Modeled hydraulic gradient is significantly lower than this range. Randhawa (2001) 
found that at lower hydraulic gradient, plugging was more rapid, which suggests that the 
plugging coefficient used in the model may be greater than those given by Randhawa 
(2001). However, low hydraulic gradients may not necessarily result in higher rates of 
permeability reduction since the precipitation of manganese oxide will behave differently 
at low gradient. The functional relationship for MnC>2 plugging was directly used in the 
model to simulate the two-dimensional experiment, however, the plugging coefficient 0 
was calibrated to better match the experiment results.
Figure 5.1 provides a program flow chart illustrating the sequencing o f RT3D and 
MODFLOW solutions. In the modified RT3D program, after each time step, the Mn02 
concentration and the PCE NAPL saturation in each cell is sent to the MODFLOW so 
that a new hydraulic conductivity for each cell can be calculated. A new velocity
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distribution is then produced in MODFLOW for the next time step. RT3D then solves the 
transport and reaction equations based on the new velocity distribution. This process is 
continued until the end o f the simulation. Standard finite difference with an upstream 
weighting scheme was used in RT3D for the transport computation.
A partially coupled solution o f the flow and transport is appropriate when the overall 
solution is convergent and stable. If the error introduced by partial coupling builds with 
each subsequent time step, a partially coupled solution is not appropriate and a fully 
coupled solution is necessary. On the other hand, if  the error is damped in each 
subsequent step, a partially coupled solution provides physically realistic results. For 
unstable processes, such as density dependent flow, an iterative or fully coupled solution 
is required. Full coupling of flow and transport equations may provide simultaneous 
solution of all variables (pressure, concentration, etc.) typically using Newton-Raphson 
iteration or it may be achieved by iteration o f the flow and transport solutions within a 
time step. The partially coupled flow and transport solution approach, as used here, is 
appropriate for permanganate oxidation simulation where rapid changes in organic phase 
saturation or MnC>2 accumulation do not occur relative to the time between velocity field 
updates.
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Start RT3D
" T








Read in MODFLOW Input, 
initial head, boundaries etc.
Solve hydraulic head for next time step 
_________using MODFLOW________
Solve reactive transport 
for next time step using RT3D
Calculated modified hydraulic 
conductivities using RT3D solution for 
Mn02 and immobile organic phase 
concentration at present time step
Figure 5.1 Flow chart for the coupling of MODFLOW and RT3D program.
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5.2.4 Source/Sink Equations
RT3D allows specification o f a number o f compounds, whether they are mobile or 
immobile, and source/sink equations for each compound. Six compounds (unit in M/1) are 
chosen for simulation including PCE in aqueous phase (1), MnO/ (2), dissolved CO2 (3), 
C f (4), PCE NAPL (5), and MnC>2 (6). The number in brackets (#) indicates the 
convention used in setting up the model. PCE NAPL and MnC>2 are considered to be 
immobile compounds. The source/sink equations are 
dC 1 = - K ]ClC2 + K m(Csat- C l) (for dissolved PCE) 5.15a
a




= 2K 1C1C 2 (for dissolved CO2) 5.15c
a
SC
4 = 4K 1C,C2 (for C f) 5.15d
5 = - K m(Csat- C 1) (for PCE NAPL) 5.15ea
SC 4
^  = - K , C 1C 2 (for M n02) 5.15fa 3
where Ki is the second-order reaction rate for the PCE and MnO/ reaction [M‘IT’1]. 
Equations are based on stoichiometry and reaction kinetics for the PCE and MnO^ 
reaction. Due to carbonate buffering, most of the CO2 was absorbed into the aqueous 
phase and the CO2 is simulated as a mobile phase. The carbonate system is not included 
in the simulation since degassing cannot be incorporated in this model.
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5.3 MODEL TESTING
5.3.1 Common Input
The original MODFLOW and RT3D codes were carefully modified to maintain all the 
features in each package. The modifications included adding subroutines to calculate the 
relative permeability and source/sink reactions, to transfer data between the two existing 
codes, and to combine the two codes in one program without conflict (e.g. subroutine 
names, declaration statements, array dimensions, etc.). The modified codes were used to 
simulate several test problems where hydraulic conductivity was not affected by the 
presence o f MnC>2 or organic phase to assure modifications to the codes did not introduce 
errors. The same test problems were solved using the original MODFLOW and RT3D 
codes. Results were identical indicating errors were not introduced in flow and transport 
solutions due to code modifications. Further testing of the modified code confirmed that 
calculation o f hydraulic conductivity as a function o f Mn0 2  concentration and organic 
phase saturation provided expected aqueous phase flow velocity when MnC>2 or organic 
phase where present.
Sensitivity to grid resolution, mass transfer coefficient, dispersivity, and frequency of 
flow field updates is provided in the following sections. The common input parameters 
for simulations presented in the next sections are listed in Table 5.1.
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Table 5.1 Common Input Parameters Used in Numerical Simulations
Length along x 86 cm
Width along y 22 cm
Thickness along z 2.8 cm
Initial average PCE saturation within the pool 0.574
Longitudinal dispersivity 0.2 cm
Transverse dispersivity 0.006 cm
Constant head at effluent port 25 cm
Second-order reaction ra te a 0.045 M 'V
Mass transfer constant Cb 0.01 s '1
Brooks-Corey pore size distribution coefficientc X := 2.5
Plugging coefficient d 0 = 125
Effective molecular diffusion coefficient-PCEe 9.4x 1 O'6 cm2/s
Density of PC Ef 1630 g/1
Density o f MnO 2 g 5 080 g/1
Water viscosity at 20 °C 8 1002 ppas
Aqueous solubility o f PCEh 120 mg/1
Injection flow rateh 0.0233 ml/s
Porosity o f #90 sandh 0.42
h 0Hydraulic conductivity of #90 sand 1.01x10' cm/s
Porosity o f #70 sandh 0.40
Hydraulic conductivity of #70 sandh 3.03 x 1 O'2 cm/s
Porosity o f #55 sandh 0.39
Hydraulic conductivity of #55 sandh 5.08xl0’2 cm/s
Porosity o f #25 sandh 0.44
Hydraulic conductivity o f #2 5 sandh 1.93 x 1 O'2 cm/s
a Yan and Schwartz, 1999.
b Modified from Miller et al., 1990 (see text for discussion). 
0 Brooks and Corey, 1964. 
d Modified from Randhawa, 2001. 
eBonoli and Witherspoon, 1968. 
f Pankow and Cherry, 1996. 
g Lide, 1999.
h Based on laboratory measurement.
96
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A Brooks-Corey pore size distribution coefficient X for the NAPL pool sand was not 
measured and had to be estimated. Typical silica sands in the size range used in the two- 
dimensional experiment has a X o f 2.5 (Kueper and Frind, 1991a,b). The aqueous 
solubility o f PCE was measured by placing pure phase PCE in a glass flask and mixing 
for 24, 48 and 72 hours. PCE concentration in the Milli-Q water at room temperature 
(approximately 20 °C) remained at 120 mg/1 after 48 and 72 hours o f agitation.
Miller’s model for interphase mass transfer requires velocity at each cell for 
determination o f the Sherwood number. Incorporation of velocity in the mass transfer 
calculation would have required extensive modification o f RT3D, so a compromise was 
used. Rather than using a calculated velocity for each cell, an average velocity in the pool 
was calculated base on NAPL saturation and average hydraulic gradient in the NAPL 
zone and this velocity was used to determine the Sherwood number. Miller’s model was 
modified by using an estimated average flow velocity in the pool and the mean grain size 
diameter of the pool sand as
1 9 R  0.75c0.5c0.6j'v
_  e c nw AB _ 5 16
dp
where C is a mass transfer constant. The mass transfer coefficient is then only related to 
PCE saturation, which is readily incorporated in RT3D. A wetting phase saturation of 
0.57, a hydraulic conductivity of lxlO’3 cm/s, a hydraulic gradient of 0.013, and a grain 
size of 0.0275 cm yields a mass transfer constant C equal to 0.01 s’1. The maximum 
organic phase saturation tested by Miller et al. (1990) is less than saturation used in the 
experiment conducted here (Snw up to approximately 60%). However, it is expected that 
mass transfer rates at high organic phase saturation are sufficiently rapid (Sale and
9 7
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McWhorter, 2001) that miscalculation o f mass transfer rate outside the tested range o f Eq. 
5.16 will have little effect on numerical results.
The commonly used flow domain for model simulation with sand configuration is 
presented in Figure 5.2.
flow direction
#25 sand #70 sand #25 sand
<
4\ #90 sand #55 sand PCE pool /7
#90 sand influent port 
specified flow rate
\
y . effluent port 
constant head
(Dz > v
Figure 5.2 Flow domain used in all simulations.
5.3.2 Boundary and Initial Conditions
All sides o f the experiment are impervious and therefore no special consideration for 
these boundaries is required in the model. One injection port, where water or KMn0 4  
solution is injected at a constant rate, is incorporated as an injection well, and an effluent 
port at the opposite end of the experiment is incorporated as a constant head node. The 
MODFLOW model is set up as a single horizontal confined layer o f constant thickness 
equal to corresponding tank dimension o f 2.8 cm. Assigned boundary and initial
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conditions and material properties are identical for all simulations hereafter except for the 
concentration of KMnC>4 at the injection port, where the simulated injected KMnC>4 
reflect those used in the experiment.
The average injection rate in the experiment was approximately 0.0233 ml/s. Initial 
conditions for hydraulic head were arbitrarily set as 25 cm. Initial concentrations for all 
compounds, with exception of the immobile PCE NAPL, were set to zero. Organic phase 
PCE concentration, expressed in moles per liter, was determined using an average organic 
phase saturation in the pool (# 55 sand in Figure 5.2) equal to 0.57 and assuming that the 
hydrostatic head conditions existed within the pool. Because the PCE phase is denser then 
water, organic phase saturation at the bottom pool would be greater than at the top o f the 
pool. Capillary pressure within the pool was calculated using an initial guess for capillary 
pressure at the top o f the pool and assumed hydrostatic pressure conditions in both the 
aqueous and organic phases. Organic phase saturation was then determined at each point 
in the pool using (Brooks and Corey, 1964)
Se=(Pc/Pd)'^ 5.17
1 2  1 2  where Pcis the capillary pressure [ML' T' ] and Pais the displacement pressure [ML' T" ].
Pa was estimated using approach from Kueper and Frind (1991a,b). The capillary pressure
at the top of the pool was then adjusted until the calculated average organic phase
saturation within the pool equaled that determined from pool size, injected PCE volume,
and sand porosity (Snw = 0.57). The organic phase saturation within each cell from the
above calculation was then converted to units o f moles per liter using
Cpce= Snwx Ppce /M pce 5.18
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where Cpce is the calculated initial immobile PCE concentration [M/1]; Ppce is the density 
o f pure PCE [g/1]; and Mpce is the molar weight o f PCE [g/M].
5.3.3 Grid Resolution
Due to numerical dispersion caused by truncation error in the finite difference 
approximations for various partial derivatives in the governing equations, grid resolution 
must be carefully examined to ensure numerical results are not dominated by truncation 
error. This is particularly important for reactive transport processes because high 
concentration gradients frequently occur. When two or more compounds are involved in a 
reaction, such as an organic compound and an oxidant, the reaction process occurs only in 
the mixing zones (where both organic compound and oxidant coexist). If the computed 
mixing zone is too large due to numerical dispersion, reaction rates will be over­
predicted. However, finer grid size will result in greater number o f cells, a shorter time 
step due to the stability constraints, and more computational resource requirements. 
Numerical accuracy and computational requirement need to be balanced.
A sequence o f simulations using the domain shown in Figure 5.2 was conducted to test 
the grid resolution required to properly simulate dissolution of a PCE pool. Numerical 
dispersion in the transport solution will affect estimated rates o f NAPL dissolution. Grid 
refinement reduces numerical dispersion. At a grid resolution where numerical dispersion 
is significantly less than actual dispersion, further grid refinement will cause little change 
in the solution. Thus a sequence of runs with increasingly refined grids should identify 
what grid resolution is required to provide a solution with minimal numerical dispersion.
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Parameters used for the PCE dissolution simulations are given in Table 5.1. Grid sizes 
tested include, uniform grids with Ay equal to 0.25, 0.5, and 1.0 cm with Ax equal to 1.0 
cm, and non-uniform grids, referred to as bias grids, where Ay is equal 0.25 cm in the 
vicinity of the pool and coarsens away from the pool. The bias grid was tested using Ax 
equal to 1.0 cm and 2.0 cm. The bias grid with Ax equal to 1.0 cm is shown in Figure 5.3. 
A bias grid was used to decrease computational effort while maintaining adequate 
resolution near the pool.





#90 sand influent port 
specified flow rate
#90 sand
Figure 5.3 Configuration of the bias grid with injection port at left side and 
effluent port at right side. Overall dimension size is 86x22x2.8 cm. 
Total number of cells is 3400 cells (85x40).
Grid size test results for PCE pool dissolution are shown as in Figure 5.4. For uniform 
grid size (constant spacing along x and y, respectively), PCE concentration in the effluent 
increases with refinement of Ay from 1 to 0.25 cm. However, when Ay changes from 0.5 
to 0.25 cm, the difference in the results is small, which indicates changes of Ay in this
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A Bias grid A X=1 cm, A y=0.25 cm 
D Bias grid A x=2 cm, A y=0.25 cm 
°  uniform  grid A X=1 cm, A y=0.25 cm 
"  uniform  grid A X=1 cm, A y=0.5 cm 




Figure 5.4 Effluent PCE concentration results for the grid resolution test with 
PCE dissolution.
The bias grid results are nearly identical to the finest resolution uniform grid test results 
indicating that the bias grids are also adequate. The test results for bias grid runs show 
that the differences in effluent PCE concentrations are small when Ax changes from 1 to 
2 cm. This is because the flow is a basically horizontal flow and the problem is quasi­
steady state, so changes in the horizontal direction have little impact on the solution.
In order to investigate grid size effects on NAPL removal rate under reactive conditions, a 
sequence o f simulations were conducted using a bias grid, where grid spacing Ay is 
identical as shown in Figure 5.3 and Ax is refined from 2 to 0.5 cm. KMnCU concentration 
at the injection port is set to 5 g/1. All other input parameter values were identical to tests
102
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for PCE dissolution. These tests are shown because during a KMnC>4 flush, more 
processes are involved (transport and reaction processes). Test results of effluent C f 
concentration are provided in Figure 5.5. Finer Ax grids results in higher CF 
concentration in the effluent. However, the difference is relatively small. Based on the 
simulations for both the PCE dissolution and under reactive conditions, a bias grid as 
shown in Figure 5.3 was chosen, where Ax =1 cm and Ay is equal 0.25 cm in the vicinity 
o f the pool and coarsens away from the pool with a bias factor of 1.1 (i.e. each row is 1.1 
times wider than the row below it). Finer horizontal resolution was not selected because 







S °  Bias grid A x=0.5 cm, Ay=0.25 cm 
A Bias grid A x= l cm, Ay=0.25 cm 





Figure 5.5 Grid resolution test results for effluent Cl' concentration.
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5.3.4 Sensitivity to Dispersivity
Longitudinal dispersivity (a L) and transverse dispersivity (a j) are two important factors 
in solute transport process, which will determine the concentration profiles of all the 
mobile species. Sensitivity test results to longitudinal dispersivity ( ccl)  is provided in 




S a L = 0.6, a T=0.0980 ■
U a L= 0 .4 , a T=0.09  
a  L= 0.2, a T = 0.0940 ■
5010 20 30 400
Time (days)
Figure 5.6 Sensitivity test results to longitudinal dispersivity (units of 
dispersivity-cm).
Simulation results show that the NAPL removal rate represented by Cl’ concentration is 
largely unaffected by longitudinal dispersivity. These results indicate that the horizontal 
flow along x direction could be treated as plug flow or with high dispersivity without 
significantly changing the NAPL removal rate. However, when using the explicit method 
in RT3D, longitudinal dispersivity will affect time step size and hence affect the 
computation time. Changing longitudinal dispersivity from 0.6 to 0.2 cm reduced 
computation times nearly by half. A longitudinal dispersivity o f 0.2 cm was then chosen
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for the following simulations. Sensitivity to transverse dispersivity was also tested. 
Results showed that the greater the transverse dispersivity, the greater the removal rate. 
Selection of transverse dispersivity was determined through model calibration. Transverse 
dispersivity was adjusted so that effluent PCE concentration matched experimental data 
from the water pre-flush. A value o f 0.006 cm provided a good fit to PCE effluent 
concentration (see Figure 5.7). There are several other factors that may affect the PCE 
concentration in the effluent including PCE solubility and interphase mass transfer rate 
besides the transverse dispersivity. PCE solubility has been independently measured. 








0 2 4 6 8
Time (days)
Figure 5.7 Comparison between measured PCE concentrations and simulated 
PCE concentrations to determine transverse dispersivity (aj, cm) 
during pre-treatment water flush.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.3.5 Sensitivity to The Mass Transfer Coefficient
In order to assess influence of mass transfer limitations on PCE dissolution, a sequence of 
simulations was conducted to determine how sensitive the numerical solution is to the 
mass transfer coefficient. Effect o f the mass transfer constant C (see Eq. 5.16) on PCE 
concentration in the effluent was investigated. Values o f mass transfer constant C from 
0.0001 s '1 to 1 s '1 are used. This spans two orders of magnitude at an either side o f the 
estimated value o f C equal to 0.01 s’1.
Sensitivity analyses results to the mass transfer constant C are presented in Figure 5.8, 
where transverse dispersivity o f 0.006 cm is used. When the mass transfer constant C is 
increased from 0.0025 to 1 s '1, which is a 400 fold increase, the PCE effluent 
concentration at steady state increased less than 1%. This indicates that the mass transfer 
constant has very little effect on the PCE effluent concentration when mass transfer 
constant is greater than 0.0025 s '1. The implication of these results is that PCE 
concentration within the pool approaches local equilibrium when C >0.0025 s '1, i.e. the 
result is similar to the simulation result when the PCE pool acts as a constant 
concentration boundary at the solubility of PCE. However, when C is less then 0.0005 s '1, 
simulation results change significantly with lower values o f C since mass transfer 
limitations are then important. Experiment and simulation results from Powers et al. 
(1998) indicate that the rate-limited dissolution becomes important for low-NAPL 
saturation (< ~ 0.05-0.15), which are well below the PCE NAPL saturation simulated in 
this model. It appears that even if the estimated value of C of 0.01 s '1 is overestimated by
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as much as 75%, numerical results will not be significantly affected and if the value o f C 
is underestimated, virtually no change will occur.
6







—  C=0.005 
C=0.00052
0
8 12 160 4
Time (days)
Figure 5.8 Sensitivity of simulated PCE effluent concentration to mass transfer 
constant C (unit in s'1).
A second sequence o f simulations was conducted to investigate effects o f mass transfer 
limitation during KMn0 4  flushing. Figure 5.9 provides mass transfer coefficient 
sensitivity analysis results for a 5 g/1 KMn0 4  flush, where the same transverse 
dispersivity o f 0.006 cm is used.
Test results show that under reactive conditions when C is greater than 0.005 s '1, C f 
concentration in the effluent change approximately 5% with increasing values of C. 
However, when C is less than 0.0025 s '1, mass transfer limitations become important, 
since C f concentrations decrease. These results would indicate that the estimated value of 
C equal to 0.01 s '1 may be overestimated by as much as 2 to 4 times without having 
significant effect on the simulation results. As expected, reaction increases mass transfer
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rates and so influence of mass transfer limitations at lower C values become more 














Figure 5.9 Sensitivity of simulated Cl" effluent concentration to mass transfer 
constant C (unit in s’1) with a 5 g/1 KMn0 4  flush.
5.3.6 Frequency of Velocity Field Update
Testing is required to assure that the partially coupled flow and transport solution used to 
solve the oxidation process does not introduce significant error. To accomplish this, a 
sequence o f simulations was conducted using different frequency of velocity field updates 
ranging from every 10 seconds to once a day. More frequent velocity field updates should 
result in a more accurate simulation. A 10 g/1 KMnC>4 flush was simulated using input 
parameters from Table 5.1, a mass transfer constant equal to 0.01 s '1, a transverse 
dispersion coefficient equal to 0.006 cm, a plugging coefficient equal to 125, and the grid 
domain shown in Figure 5.3. A total simulation time of one year was used. Results for all 
runs were within 5%, suggesting that the decoupled solution is adequate and stable.
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Frequency o f velocity field updates should be selected so that reasonable balance in 
computational time is achieved between the transport and flow solutions. For practical 
purpose, it appears that updates in flow field every 12 hours is reasonable for the problem 
tested here.
5.3.7 Model Validation and Calibration
The numerical model is validated for simulation o f oxidation o f pooled DNAPL using 
experimental results discussed in Chapter 4. The experimental apparatus is shown in 
Figure 4.1. The simulation domain matches the experiment apparatus geometry and flow 
conditions. The numerical model domain is shown in Figure 5.2 and the grid in Figure 
5.3. Validation is conducted to check the adequacy of the governing and functional 
equations. Particularly, reaction equations, functional equations for mass transfer, and 
equation representing permeability changes due to MnC>2 plugging and relative 
permeability changes due to presence o f organic phase are assessed. Adequacy of the 
partially coupled flow and transport solution is also tested. Where possible, input 
parameters are assigned values from independent measurements or found in literature.
Results from model testing provide a basis for further testing. The bias grid as shown in 
Figure 5.3 is selected for further simulations. Longitudinal dispersivity equal to 0.2 cm 
was chosen to reduce computational time. Transverse dispersivity equal to 0.006 cm, 
determined through matching to the pre-flush experimental data, was used as the initial 
estimate for validation. These results from model testing together with the common
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parameters from Table 5.1 and previously discussed boundary and initial conditions were 
used for numerical model validation.
Effluent C f solely came from the reaction between PCE and KMnC>4 during the two- 
dimensional PCE pool experiment. Effluent C1‘ concentration was measured and used for 
model validation. The initial validation run used a MnC^ plugging coefficient equal to 
125 and the transverse dispersivity determined from pre-flush data (0.006 cm). The 
predicted effluent C f concentration results are lower than experimental results as shown 
in Figure 5.10. The transverse dispersivity was then increased to 0.09 cm to provide an 
improved match to the 1 g/1 portion o f the experimental results. This may suggest that the 
transverse dispersivity has been increased significantly under reaction conditions. I 
postulate that locally density-driven flow near the reaction zone might increase the 
transverse dispersivity significantly. Density-driven flow will possibly increase the local 
mixing and hence increase the transverse dispersivity. A small density difference (relative 
density difference of 7.5 x 10’5 to 1.5 x 10'3) in a tracer test can result in increased 
apparent transverse and longitudinal dispersivities (Istok and Humphrey, 1995). 
Precipitation o f MnCh from the solution in the reaction zone (mainly within the PCE 
pool) may create density differences between the water free o f permanganate within the 
PCE pool and the KMn0 4  solution. The differences are estimated to be 0.3%, and 0.6% 
for 5 g/1 and 10 g/1 KMnC>4 flush, respectively, which may greatly increase the apparent 
transverse dispersivity. The additional mixing caused by local-scale density flows can be 
represented as transverse dispersion term (Istok and Humphrey, 1995).
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3. Began 10 g/1 K M n 0 4 flush 4. Plugging and leaking
Figure 5.10 Comparison of numerical and experimental effluent Cl' concentration 
results with different dispersivities (unit in cm).
The M11O2 plugging coefficient 0 directly controls the maximum C f concentration and the 
rate of decrease in C f concentration during high the KMn0 4  concentration flush as shown 
in Figure 5.11. Results show that an increasing Mn02 plugging coefficient 0 yields a 
smaller maximum C f concentration and a more rapid decline in C f concentration. The 
smaller maximum C f concentration and a greater rate of decline are due to increased 
plugging for a given amount of MnC>2 , which in turn would slow delivery o f KMnC>4 to 
the PCE pool. A plugging coefficient equal to 125 was determined to provide reasonable 
results when compared experimental data. A comparison of experimental versus 
numerical effluent C f concentrations is presented in Figure 5.12. A perfect match would 
be along the line 1:1. The figure shows that the simulation results are comparable to the
111
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experimental results during three different KMn0 4  solution flushes. A least-squares best- 
fit analysis to find 9 and ay was not conducted.
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Experim ental data 
a T = 0.09, 0=50 





100 ■ o ° o
300100 2000
Time (days)
1. Began 1 g/1 K M n 0 4 flush 2. Began 5 g/1 K M n 0 4 flush
3. Began 10 g/1 K M n 0 4 flush 4. Plugging and leaking
Figure 5.11 Effect of plugging coefficient 0 on effluent Cl" concentrations (ax, cm).
Numerical simulation results using the calibrated transverse dispersivity (0.09 cm) and 
plugging coefficient 125 are shown in Figure 5.11. Generally, the fit is reasonable with 
high transverse dispersivity (0.09 cm) and shows that the numerical model captures the 
general trends in the experimental effluent Cl" concentrations. The large deviation of the 
numerical model from experimental results at about 200 days is suspected to be due to an 
undetermined amount o f PCE NAPL leakage from the tank caused by effluent port 
plugging and over-pressurization o f the tank. The Cl" concentration began to decline
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sharply from 90 to 20 mg/1 over the next 20 days, and then slowly tailed to about 6 mg/1. 
The model was not able to capture this trend after 200 days, which further suggests some 
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S im u la te d  C l 'C o n c e n t r a t i o n
Figure 5.12 Comparison between numerical and experimental effluent Cl' 
concentrations (mg/1) with aT=0.09 cm and 0=125.
During the first 44 days when 1 g/1 KMnC>4 solution was injected, no significant MnC>2 
plugging effects occurred since the results are similar for 0 equal to 50 or 125 (see Figure 
5.11). Numerical simulation of CF concentration has stabilized around 39 mg/1, which is 
comparable to the average experimental results approximately equal to 40 mg/1 during 
this period.
When the 5 g/1 KMn0 4  flush began, the measured effluent concentration of CF jumped to 
about 143 mg/1 and slowly declined to about 80 mg/1 in 62 days. Average CF 
concentration is 106 mg/1. Numerical results of effluent CF concentration increased to 
123 mg/1 and slowly decreased to about 96 mg/1 over the same period. Average CF
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concentration is 105 mg/1. Although the maximum experimental value is greater than that 
of the numerical results, the average NAPL removal rate indicated by C1‘ concentration is 
comparable. The reason for a greater value in the experiment may be caused by density- 
driven flow. With 5 g/1 KMnC>4 flush, density-driven mixing may be greater than that 
with 1 g/1 KMnC>4 flush, whereas in the numerical model a single value o f transverse 
dispersivity is used for the entire simulation. Higher transverse dispersivity will result in 
higher NAPL removal rate and more MnC>2 precipitation, which in turn would reduce the 
permeability more rapidly. This would reduce chloride concentration more rapidly as 
observed in the experimental results.
The measured effluent concentration of C f rose to approximately 150 mg/1 in 6 days after 
commencing the 10 g/1 KMnCL flush and then began decreasing to approximately 94 mg/1 
at about 200 days. Average C f concentration from day 110 to day 200 is 115 mg/1. The 
numerical maximum effluent C f concentration is 165 mg/1 and slowly decreased to about 
100 mg/1 over the same period with an average C f concentration of 130 mg/1. The 
maximum and average C f concentrations are comparable. However, unlike with the 5 g/1 
KMnCL flush, the maximum numerical value with the 10 g/1 KMnCL flush is higher than 
maximum experimental effluent Cl' concentration. I postulate that, at late stages, MnC^ 
plugging controls the transport process instead of density-driven flow. MnCL plugging 
may essentially stop the flow within and around the NAPL pool, and molecular diffusion 
becomes the main transport process in and out of the NAPL pool. After day 200, 
numerical results are similar when transverse dispersion is changed (see Figure 5.10), and 
change only slightly for different values o f the plugging coefficient (see Figure 5.11).
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These simulation results indicate that once a Mn02 layer is created around the NAPL 
zone, mass transport from the NAPL o f sufficient concentration is limited by diffusion 
through the MnC>2 layer.
The somewhat irregular concentration profile for all the numerical results is caused by the 
grid discretization. In the numerical model, the PCE pool is oxidized grid layer by grid 
layer. Every inflection point indicates one layer was oxidized and the next is being 
oxidized. To eliminate these inflection points, finer grid sizes would be needed. However, 
this is not necessary to predict overall mass removal rates. The numerical simulation 
result with high transverse dispersivity (0.09 cm) provides a reasonable match to 
experimental data for the first 200 days, which indicates that the numerical model 
captures the dominant processes o f this system and the numerical model appears to be 
valid for specified experimental conditions.
Numerical mass balance error for all compounds were less than then 0.1% and are largely 
controlled by convergence criterion in the flow model where decreasing the convergence 
criteria yields smaller mass balance error in the mass transport solution. Comparison of 
cumulative PCE mass removal for the experiment and the numerical model are shown in 
Figure 5.13. When presented in this fashion it appears the numerical model with 
calibrated o f a j  and 0 (ay =0.09 cm and 0=125) provides a reasonable estimate o f mass 
removal for the first 200 days o f the oxidant flush with a maximum relative error o f 8% 
and average relative error o f less than 5%. After day 200, the experimental data and 
numerical results deviate, likely due to leakage o f PCE around day 200. Also shown in
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Figure 5.13 are numerical results using a value o f transverse dispersivity (a j  =0.006 cm ) 
determined from calibration to initial effluent PCE concentration data. The NAPL mass 
removal rate is under predicted using a j  =0.006 cm indicating that some process is 
occurring during oxidation to increase mass transport as discussed in Section 5.3.7. I 
postulate density dependent flow may be responsible for this, although other explanations 
are possible. Regardless o f the explanation, it appears from this single experiment that 
NAPL mass removal rate exceeds modeled rate if  transverse dispersivity is estimated 
from NAPL dissolution data.
oi 50
E xperim ental Data 
N um erical a T=0.09 
N um erical a T =0.006
0 50 100 150 200 250
T im e (d ay s)
Figure 5.13 Comparison of mass removal between numerical simulation and 
experimental PCE mass removal results (aT, cm)
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5.4 NUMERICAL RESULTS AND DISCUSSION
5.4.1 The First Pore Volume of The Permanganate Flush
Figure 5.14 shows the progress o f the KMn0 4  front from the two-dimensional experiment 
and numerical simulation using calibrated parameters for transverse dispersion and 
plugging coefficient. Pictures taken at 5, 10, 15, 20 and 24 hours after beginning of the 
KMn0 4  flush were compared with numerical results at given times. The progress o f the 
front matches well. For experimental and numerical results, the front locations at different 
times are comparable and break through times are both approximately at one day. Flow 
patterns are nearly identical with diversion of flow around the NAPL pool and lower flow 
rate in the fine grained sand on either side o f the pool. Some differences between the 
experimental and numerical results do occur. In the numerical simulation the KMnCL 
front is smooth, while in the experiment the front showed slight fingering or preferential 
flow due to the slight hydraulic conductivity heterogeneity caused by differences in sand 
packing. Also, the KMnC>4 front seems to be sharper in the experiment than in the 
numerical model, which may be due to overestimation of longitudinal dispersion or 
numerical dispersion in the numerical model since an upwind weighting scheme was used 
in the transport solution. However, because longitudinal dispersion does not significantly 
affect NAPL removal rates over the longer time, no attempt has been made to reduce 
longitudinal dispersion in the model.
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Figure 5.14 Comparison of experimental and numerical results for the first 24 hours of the KMn0 4  flush. 
KMn0 4  concentration units in M/1.
5.4.2 Effect of Plugging Due to Manganese Dioxide Precipitation
Figure 5.15 presents the numerical simulation results for MnC>2 precipitation development 
during the first 20 hours o f the KMnC>4 flush using the plugging coefficient from model 
calibration. MnC>2 precipitation starts at the up gradient comer of the pool, and then 
elongates along the upper edge of the pool as well as along the up gradient face o f the 
pool. The highest concentration of precipitated Mn0 2  occurs just inside the PCE pool 
edges, indicated by dark colors in Figure 5.15. Lower concentration of precipitated Mn0 2  
exists above the PCE pool, indicated by light gray in Figure 5.15, due to transport of 






Figure 5.15 Simulation results for MnC> 2 precipitation concentration surrounding 
the PCE pool during the first 20 hours of the KMnC> 4 flush. MnC> 2  
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Figure 5.16 presents the experimental and numerical M n0 2 precipitation results for an 
extended experimental period. Both experimental and numerical simulation results show 
that M n0 2 mainly precipitated on the inside edge of the original pool zone. When the 
experiment was disassembled, this was verified (see Figure 4.12). More M n0 2 
precipitation was produced in front of the pool due to flow of KM11O4  solution into the 
pool zone. Numerical results are consistent with experimental results as shown in Figure 
5.16 providing further validation of the numerical model.
Perm anganate flush a t 1 day
Perm anganate flush a t 7 days
Perm anganate flush a t 14 days

















N um erical sim ulation a t 1 day
m
N um erical sim ulation a t 7 days
m
N um erical sim ulation a t 14 days
Num erical sim ulation a t 250 days
Figure 5.16 Comparison of experimental and numerical results for M n02 
precipitation development. M n02 concentration units in M/1.
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Figure 5.17 presents two simulation scenarios o f KMn0 4  flushing with and without MnC>2 
plugging. The input parameters for the simulation without MnC>2 plugging are identical to 
those used in previous simulations with the exception of setting the plugging coefficient 
equal to zero. Initially, horizontal penetration was slowed by the PCE NAPL in the pool. 
With time, PCE is removed at the front and top of the pool. If MnC>2 precipitation did not 
affect hydraulic conductivity of the sand, KMn0 4  solution would more readily flow 
through the pool with time. However, MnC>2 does reduce hydraulic conductivity and 
dramatically changes the delivery o f KMn0 4  solution into the NAPL pool. With MnC>2 
plugging, MnC>2 is mainly precipitated on the pool edges and the PCE pool is mainly 
eroded on its edges. Without Mn0 2  plugging, MnCh precipitation occurs much further 
into the pool because KMnC>4 can penetrate the pool through advection. Removal rates of 
PCE are much greater without MnCE plugging. At day 200 simulated time, 90% of the 
PCE mass has been removed when plugging does not occur compared to 45% when 
plugging does occur. Permeability reduction due to MnC>2 precipitation significantly 
changes NAPL removal rates for conditions tested. Simulated MnC>2 distribution when 
plugging is considered is more consistent with the distribution observed in the oxidation 
of pooled NAPL experiment, which leads to the conclusion that hydraulic impacts due to 
Mn0 2  precipitation should be considered in simulation of KMnCTt flushing.
Numerical results o f effluent C f concentration with and without MnC>2 plugging are 
presented in Figure 5.18. CF concentration in the effluent does not decline early in the 
simulation up to 120 days. After 120 days, the decreasing trend is caused by depletion of 
the PCE saturation and reduced pool length. Simulation results show that without MnC>2 
plugging the DNAPL pool will quickly be oxidized with 99% of the PCE oxidized with
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250 days o f KMn0 4  flushing. On the other hand, simulation results with plugging show 
that approximately 60% of the PCE mass is removed after 300 days and an additional 300 
to 400 days would be required to remove the remained mass. These simulation results 
suggest that a method to reduce the Mn0 2  precipitation will improve removal rates and 
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Figure 5.17 Numerical simulation results for PCE NAPL and MnC> 2 precipitation 
with and without considering MnC> 2 plugging. PCE and M1 1 O2  
concentration units in M/1.
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1. Began 1 g/1 K M n 0 4 flush 2. Began 5 g/1 K M n 0 4 flush 
3. Began 10 g/1 K M n 0 4 flush 4. Plugging and leaking
Figure 5.18 Numerical simulation results with and without Mn02 plugging 
compared to experimental results of effluent Cl' concentrations.
5.5 CONCLUSIONS
Modeling ISCO of DNAPL is complex. Many processes are involved, such as advection, 
dispersion, inter-phase mass transfer, high-order reactions, precipitation of solids, and 
permeability changes. In this work, numerical simulation results provide a reasonable 
match to experimental data from a two-dimensional oxidation experiment indicating that 
the numerical model captures the main features of the permanganate oxidation of pooled 
DNAPL source zones under conditions of high pH («10.5). Thus the numerical model, 
including assumptions, numerical approach, and functional equations for MnC>2
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permeability reduction and mass transfer, provides a reasonable match to results from the 
two-dimensional experiment.
Numerical simulation results show that reduction o f permeability due to Mn0 2  
precipitation impacts NAPL removal rate at later stages o f a permanganate flush. 
Numerical simulation results suggest that as MnC>2 precipitates in and around the NAPL 
zone, diffusion from the NAPL zone becomes the rate-limiting process controlling NAPL 
removal rate. Reduced removal rate due to MnC>2 precipitation implies that a method to 
reduce MnC>2 precipitation will improve NAPL removal rate. Numerical results also 
suggest that if  the two-dimensional tank had not leaked, it is possible that an additional 
one to two years would have been required to remove 99% of the NAPL mass.
Density-driven flow surrounding the NAPL source zone due to reaction and removal of 
MnC>2 may significantly increase the transverse dispersivity and substantially increase 
NAPL removal rate. A small relative density difference (7.5 x 10' 5 to 1.5 x 10'3) in tracer 
tests can result in increased apparent transverse and longitudinal dispersivities (Istok and 
Humphrey, 1995). Increased transverse dispersivity was used in the numerical model to 
explain the difference between the experimental data and the simulation data, however, 
the magnitude o f the increased transverse dispersivity due to the density-driven flow may 
need further study. Density-driven flow and Mn0 2  plugging would be two competing 
factors where Mn0 2  precipitation from the aqueous phase may increase density-driven 
flow and hence NAPL removal rate, but will also reduce permeability and hence decrease 
NAPL removal rate. Eventually MnC>2 plugging becomes a dominant factor that limits 
potential density-driven flow.
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Grid resolution tests indicate that fine grids (on the order o f several millimeters) are 
required to capture reaction and plugging processes in the vicinity o f a NAPL pool. In 
order to conduct full-scale simulations in three dimensions, this fine grid resolution is not 
feasible at today’s computer speed. Upscaling may be possible where processes at the 
millimeter scale are incorporated into equations that allow courser grid resolution without 
losing fine-scale processes, much like mass transfer equations (e.g. Miller et al., 1990). 
While grid refinement in the vicinity of the NAPL pool saved significant computational 
time in this work, it is not likely this approach could generally be used for realistic NAPL 
distributions. Because an oxidation system is typically quasi-steady state, it should be 
possible to simulate the process as a sequence o f steady state problems with large time 
increments (e.g. one day) resulting in a huge reduction in computational effort. Flow field 
updates can be extended to one day without significantly changing the removal rate due to 
the slow MnC>2 precipitation, which indicates the partially coupled flow and transport 
process is appropriate for this weakly non-linear problem.
The limitations o f this model include assumed immobile NAPL and MnC>2 phases, no 
consideration of density-dependent flow, either an immobile or a mobile gas phase, and 
no pH dependence. Additional model features for more accurate simulation of KMnCL 
oxidation o f DNAPL in subsurface may include; (1) density-dependent flow; (2) CO2 
degassing within the pool, which will require pH dependence; (3) PCE migration during 
the flushing process or due to CO2  degassing; (4) and porosity change due to MnC>2 
precipitation which may affect molecular diffusion. These phenomena suggest that multi­
phase and multi-component reactive transport model, which can handle solid phase
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precipitation, gas generation and density-driven flow may need to be developed to 
simulate ISCO of DNAPL sources zones by using KMnCL as an oxidant under more 
general conditions.
Several processes have been identified during this work that may be important to 
performance of permanganate flushing and are not particular well-understood or 
quantified. These include MnC>2 mobility as colloids, interphase mass transfer with 
reaction and presence of by-products such as MnC>2 , effect of reaction on density 
variation, and effect o f density variation on local-scale mixing. Further experimentation 
designed to quantify these processes will improve the ability to simulate permanganate 
oxidation o f NAPL zones.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS
6.1 CONCLUSIONS
Kinetic studies o f PCE oxidation by KMn0 4  at pH o f 10.6 show that the reaction is 
second-order and pseudo-first-order with respect to PCE and KMn0 4 . The second-order 
rate constant and the activation energy are 0.028±0.001 M 'V  (at 20 °C), and 43.9 kJ/M, 
respectively. Results from the kinetic studies at high pH imply that ISCO using KMn0 4  
can be applied at high pH. Injected oxidant solution using a buffer such as sodium 
bicarbonate can then be used to effectively eliminate CO2 degassing. Reduction o f CO2 
degassing will reduce potential remobilization of NAPL pools. Reduced CO2  degassing 
will also reduce KMnC>4 delivery complications caused by decreased aqueous phase 
relative permeability in reaction zones. pH buffering was largely successful in the two- 
dimensional experiment to control CO2 degassing. Soil buffering may serve to reduce 
CO2 gas generation.
The two-dimensional experiment showed MnC>2 is most concentrated in NAPL zones and 
can reduce the permeability o f those zones. NAPL mass removal rates decrease with time 
of treatment and this is likely due to the reduced permeability in the vicinity of the NAPL 
zone. The reduced permeability on the edge o f the NAPL zone decreases advective 
transport o f oxidant into the NAPL zone. Diffusion then becomes the dominant 
mechanism o f mass transport o f NAPL compounds from the NAPL zone and KMnC>4 to 
the NAPL zone.
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The two-dimensional experiment also showed that NAPL mass removal rates exceed 
theoretical mass removal rates as predicted by Reitsma and Dai (2001). The approach 
given by Reitsma and Dai (2001) to calculated enhancement factor is not well-suited to 
conditions where much o f the oxidation reaction occurs within the NAPL zone as seen in 
the two-dimensional sand box experiment and will under predict the enhancement factor 
when this occurs. The increased enhancement factor may also be due to increased 
transverse dispersion caused by density driven flow. During reaction the density o f the 
KMnCL solution changes due to removal o f MnCh from the solution. This may cause 
local-scale density driven flow, which may increase transverse dispersion. Numerical 
modeling showed that the transverse dispersion had to be increased to match the 
enhancement factors seen during the experiment.
The newly developed model using modified MODFLOW and RT3D codes worked well 
for simulation of ISCO using KMnCL when large-scale density driven flow is 
unimportant. Modeling results show that MnC>2 precipitation significantly reduces NAPL 
removal rates during ISCO using KMn0 4 . The model also indicates that control measures 
to reduce Mn0 2  precipitation may dramatically improve removal rates. Dominant input 
parameters in the model include the Mn0 2  plugging coefficient and transverse 
dispersivity. Longitudinal dispersivity and interphase mass transfer coefficient has less 
effect on simulated results. The modeling suggests that interphase mass transfer within 
the NAPL pool is sufficiently rapid such that NAPL components will approach effective 
aqueous phase solubility within the pool.
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6.2 RECOMMENDATIONS
1. A multi-pooled DNAPL source zone experiment representing more realistic field 
conditions will provide better understanding of NAPL remobilization, KMn0 4  
delivery problems, Mn0 2  plugging, and CO2 degassing.
2. It appears that a method to reduce Mn0 2  precipitation will greatly benefit the 
technology. A separate experiment may be needed to quantity the plugging effects on 
the diffusion process.
3. Glass bead medium may be used to obtain more uniform porous medium and PCE 
distribution for future pooled DNAPL oxidation experiments.
4. Scaling methods are needed in order to apply the newly developed model for field 
application. Fine resolution grids needed to simulate the two-dimensional PCE pool 
experiment can not be used for larger-scale simulations.
5. Experimental results show that micro-scale heterogeneity may strongly affect the 
distribution of DNAPL within the pool. Heterogeneity of the porous medium may 
also affect the groundwater velocity distribution, which may significantly affect ISCO 
of a DNAPL source zone. Heterogeneity o f the porous medium may also need to be 
considered in further experiments.
6 . A multi-phase and multi-component reactive transport model, which can handle both 
the solid phase precipitation, gas generation, NAPL movement, and density dependent 
flow would be useful to investigate NAPL remobilization and potential and passive 
KMn0 4  injection applications.
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1. Method
Sand porosity is determined by taking a known volume o f sand (V). The sample is 
thoroughly dried in an oven at 105 C for approximately 24 hours. Bulk density (pb) o f the 
sand is then obtained using the net dry weight (Wd) and the known volume. Porosity (<j)) 
of the sand is obtained using the same known volume sand and differences between wet 
weight (Ww) and dry weight.
Hydraulic conductivity (K) of the sand was obtained using the falling head method. A 30 
cm tube with diameter of 2.5cm was used for the test. Sand length (L) was set as 14cm. 
Initial head (ho) is set at 29cm. The falling head at different length h was then timed and 
used for hydraulic conductivity (K) calculation.
2. Calculation
Density o f sand calculation:
Pb=Wd/V  
Porosity o f sand calculation:
<|>= (Ww- Wd)/V 
Hydraulic conductivity o f sand calculation:
K= — ln(— ) 
t h
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Calculation of Density and Porosity of the Sand
Sand size Sample Volume (ml) Dry mass (g) Wet mass (g) Bulk density(g/cm3 ) Porosity
#25 1 50 77.8 100.2 1.556 0.448
2 50 75.7 97.4 1.514 0.434
3 50 76.9 98.4 1.538 0.43
4 50 77.7 99.8 1.554 0.442
5 50 76.2 97.6 1.524 0.428
Average 50 76.86 98.68 1.5372 0.4364
#55 1 50 82.5 102.9 1.65 0.408
2 50 81 100.7 1.62 0.394
3 50 84.3 104 1.686 0.394
4 50 82.6 102.6 1.652 0.4
5 50 83.1 101.6 1.662 0.37
Average 50 82.7 102.36 1.654 0.3932
#70 1 50 81.3 100.9 1.626 0.392
2 50 80.9 101.3 1.618 0.408
3 50 81.3 101.5 1.626 0.404
4 50 82.9 103.1 1.658 0.404
5 50 81.7 101.4 1.634 0.394
Average 50 81.62 101.64 1.6324 0.4004
#90 1 50 79.4 100.2 1.588 0.416
2 50 80.1 101.4 1.602 0.426
3 50 83 105.1 1.66 0.442
4 50 80.1 100.4 1.602 0.406
5 50 79.8 99.4 1.596 0.392
Average ' 50 80.48 101.3 1.6096 0.4164
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Calculation of Hydraulic Conductivity of the Sand
Sand Length L=14cm. Initial Head ho=29cm.______











2 5 0.200 5 0.200 5 0.200
3
4 11 0.189 12 0.173 11 0.189
5
6 17 0.191 17 0.191 16 0.203
7
8 24 0.188 24 0.188 23 0.196
9
10 31 0.191 31 0.191 30 0 197
Averac e K 0.192 0.189 0.197 0.193










#55 1 10 0.049 10 0.049 10 0.049
2 19 0.053 20 0.050 20 0.050
3 28 0.055 31 0.049 31 0.049
4 38 0.055 43 0.048 42 0.049
5 49 0.054 54 0.049 53 0.050
6 59 0.055 67 0.048 65 0.050
7 71 0.055 80 0.048 78 0.050
8 83 0.054 93 0.049 90 0.050
9 95 0.055 107 0.049 104 0.050
10 109 0.055 120 0.049 119 0.050
0.051Average K 0.054 0.049 I 0.050
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Calculation of Hydraulic Conductivity of the Sand
Sand Lenj^th L=1 4cm. nitial Head ho=29cm.










#70 1 18 0.027 17 0.029 17 0.029
2 37 0.027 32 0.031 32 0.031
3 55 0.028 50 0.031 49 0.031
4 74 0.028 66 0.031
5 94 0.028 85 0.031 83 0.032
6 112 0.029 106 0.031 102 0.032
7 132 0.029 125 0.031 121 0.032
8 154 0.029 145 0.031 142 0.032
9 175 0.030 166 0.031 163 0.032
10 199 0 030 188 0.031 185 0.032
Average K 0.029 0.031 0.031 0.030










#90 1 40 0.012 48 0.010 50 0.010
2 90 0.011 99 0.010 106 0.010
3 145 0.011 152 0.010 163 0.010
4 209 0.010 220 0.010
5 252 0.011 266 0.010 264 0.010
6 305 0.011 324 0.010 348 0.010
7 368 0.011 387 0.010 418 0.010
8 428 0.011 455 0.010 487 0.010
9 491 0.011 528 0.010 561 0.010
10 555 0.011 602 0.010 642 0.010
Average K 0.011 o o o 0.010 0.010
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APPENDIX B
PCE and Permanganate Reaction Rate Test
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1. Methods
Test samples were directly diluted 20 to 200 times in a 20ml vial according to the expect 
concentrations. The samples were directly analyzed in GC without quenching. The 
reaction vessel (about 1 liter) was placed in an environment chamber at the required
o
temperature (error ±2 C). The vessel was sealed with septum with an injection port and a 
sampling port. Zero headspace was maintained to avoid vapor loss o f PCE. The total 
volume of samples withdrawn was controlled within 0.5% of the whole reaction volume.
A Varian CP-3800 Gas Chromatograph equipped with a 30m DB1 column using N 2 
carrier gas was used to analyze PCE concentration using Electron capture detector (ECD, 
headspace injection, linear range 1-20 pg/l) or Flame Ionization Detector (FID, headspace 
injection, linear range 20-25,000 (J.g/1) depending on lower or higher PCE concentration 
by using standard ECD with split and FID calibration curve, which was auto-prepared by 
using programmed GC standard procedure.
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Experiment 1
Sodium Carbonate: 5 g/1 Permanganate: lg/1 Temperature: 10 °C
















Sodium Carbonate: 1 g/1 Permanganate: 5 g/1 Temperature: 10 °C 
















Sodium Carbonate: 1 g/1 Permanganate: 5 g/1 Temperature: 10 °C 
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EXPERIMENT 4
Sodium Carbonate: 1 g/1 Permanganate: 5 g/1 Temperature: 10 °C















Sodium Carbonate: 1 g/1 Permanganate: 5 g/1 Temperature: 10 °C 
















Sodium Carbonate: 1 g/1 Permanganate: 5 g/1 Temperature: 10 °C 
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EXPERIMENT 7
Sodium Carbonate: 1 g/1 Permanganate: 1 g/1 Temperature: 10 °C


















24/05/2000 0.15am 9 1.54
2.15am 10 1.06
EXPERIMENT 8
Sodium Carbonate: 1 g/1 Permanganate: 1 g/1 Temperature: 10 °C 
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E X P E R I M E N T  9
Sodium Carbonate: 1 g/1 Permanganate: 1 g/1 Temperature: 5 °C


















Sodium Carbonate: 1 g/1 Permanganate: 0.2 g/1 Temperature: 10 °C 










29/05/2000 11.25pm 1 0.5 9.5 31.55
30/05/2000 9.25am 2 8.76
2.25pm 3 4.71
7.25pm 4 2.73
31/05/2000 0.25am 5 1.51
8.25am 6 0.93
4.25pm 7 0.57
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E X P E R I M E N T  1 1
Sodium Carbonate: 1 g/1 Permanganate: 0.2 g/1 Temperature: 10 °C










29/05/2000 11.50pm 1 0.5 9.5 35.91
30/05/2000 9.50am 2 9.90
2.50pm 3 6.36
7.25pm 4 4.27




Sodium Carbonate: 1 g/1 Permanganate: 0.2 g/1 Temperature: 10 °C 
Initial pH : 10.70 Final pH:
Date Time Sample No. Sample Vol. Vial Vol. PCE Concentration(ug/l)








1/6/2000 9.20am 9 1.15
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E X P E R I M E N T  1 3
Sodium Carbonate: 1 g/1 Permanganate: 1 g/1 Temperature: 10 °C













1/6/2000 10.10am 1 0.2 9.8 13.44
12.10pm 2 6.50
2.10pm 3 2.97 0.9264
4.10pm 4 1.44
6.10pm 5 0.4 9.6 1.44 0.9095
8.10pm 6 0.96
10.10pm 7 0.45
2/6/2000 0.10am 8 0.29 0.9076
EXPERIMENT 14
Sodium Carbonate: 1 g/1 Permanganate: 1 g/1 Temperature: 20 °C 













3/6/2000 10.35am 1 0.2 9.8 19.17
12.05pm 2 5.29
1.35pm 3 1.78 0.8673
3.05pm 4 0.4 9.6 1.24
4.35pm 5 0.42
6.05pm 6 0.5 9.5 0.35 0.8362
7.35pm 7 0.25
EXPERIMENT 15








Test 1 64 52.19 61.03
Test 2 119.05 100.69 117.73
Test 3 98.18 82.65 96.64
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1. Method.
Standard method was used to determine Cl' as outlined by Greenberg, et al., 1992. 
KMn0 4  with purple/red color in sample prevented it being directly analyzed. Equivalent 
H2 O2 was reacted with KMnC>4 to produce Mn0 2 . The reaction solution was then filtered 
and washed with milli-Q water to obtain clear solution. pH was adjusted to 7-10 using 
H2 SO4  and KOH solutions. Ten standard samples contain 70.9 mg/l CT was analyzed 
with a relative error 3.75%.
2. Calculation
where :
_ , . T (A -  B) x N x 35450 .. .
m gCl/L  = -    x (l + a)
sample(mL)
A=mL titration for sample
B=mL titration for blank sample
N= normality o f AgNC>3
a= dilution times by H2 O2  and Milli-Q water
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1 50 35.45 4.4 34.56375 2.5
2 50 35.45 4.8 38.10875 7.5
3 50 35.45 4.4 34.56375 2.5
4 50 35.45 4.2 32.79125 7.5
5 50 35.45 4.4 34.56375 2.5
6 50 35.45 4.8 38.10875 7.5
7 50 35.45 4.6 36.33625 2.5
8 50 35.45 4.6 36.33625 2.5
9 50 35.45 4.6 36.33625 2.5
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APPENDIX D
Flow Rate, Chloride Ion and PCE Concentration
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17-Jan 1.41183 5615.91 permanganate 
flushing 1 g/l18-Jan 50 2.2 4% 17.4238 1.41183 5632.59
19-Jan 50 4.1 4% 36.8975 1.40252 735.88
20-Jan 40 3.5 4% 38.4349 1.37931 703
21-Jan 50 4.3 4% 38.9474 1.3947 648.01
22-Jan 50 4.2 4% 37.9224 1.3947 509.3
23-Jan 40 3.6 4% 39.7161 1.37931 501.57
24-Jan 40 3.6 4% 39.7161 1.37931 451.34
25-Jan 50 4.1 4% 36.8975 1.37931 501.57
26-Jan 40 3.4 4% 37.1537 1.37931 465.7
27-Jan 40 3.5 4% 38.4349 1.37931 429.03
28-Jan 50 4.5 4% 40.9972 1.3947 501.67
29-Jan 40 3.5 4% 38.4349 1.3947 358.227
30-Jan 50 4.5 4% 40.9972 1.37931 386.92
31-Jan 50 4.4 4% 39.9723 1.37931 450.67
1-Feb 50 4.2 4% 37.9224 1.36426 440.79
2-Feb 50 4.1 4% 36.8975 1.37931 438.85
3-Feb 40 3.3 4% 35.8726 1.36426 435.91
4-Feb 50 4.1 4% 36.8975 1.36426 432.08
5-Feb 50 4.1 4% 36.8975 1.36426 359.14
6-Feb 40 3.4 4% 37.1537 1.36426 317
7-Feb 50 4.2 4% 37.9224 1.36426 288.1
8-Feb 50 4.5 4% 40.9972 1.36426 287.1
9-Feb 50 5.2 4% 48.1717 1.36426 334.65
10-Feb 50 5.8 4% 54.3213 1.36426 271.63
11-Feb 50 5.9 4% 55.3462 1.34825 302.97
12-Feb 50 5.6 4% 52.2715 1.34825 324.24
13-Feb 50 5.6 4% 52.2715 1.33333 303.06
14-Feb 50 5.6 4% 52.2715 1.29032 338.14
15-Feb 50 5.8 4% 54.3213 1.26582 228.27
16-Feb 50 5.7 4% 53.2964 1.41183
17-Feb 50 5.8 4% 54.3213 1.40193







By H2 0 2
Final 
Cl (mg/l)
Flow rate PCE 
(ml/Min) 1 (ug/l)
Note
18-Feb 50 5.9 4% 55.3462 1.38568
19-Feb 50 5.7 4% 53.2964 1.40515
20-Feb 50 4.5 4% 40.9972 1.41176
21-Feb 50 4.4 4% 39.9723 1.40187
22-Feb 50 4.6 4% 42.0221 1.3986 311.37
23-Feb 50 4.5 4% 40.9972 1.40187 334.48
24-Feb 50 4.5 4% 40.9972 1.38889 313.28
25-Feb 50 4.5 4% 40.9972 1.36364
26-Feb 50 4.3 4% 38.9474 1.33929
27-Feb 50 4.3 4% 38.9474 1.35747
28-Feb 50 4.3 4% 38.9474 1.36364 414.99
1-Mar 50 4.4 4% 39.9723 1.39535 353.79 permanganate 
flushing 5g/l2-Mar 50 1.42857 17.76
3-Mar 50 5.6 6% 36.57 1.40845 3.36
4-Mar 50 6.9 6% 77.311 1.40845 3.82 Dilution 3 times
5-Mar 50 7.4 6% 92.9806 1.40845 2.57 35.48mg/l Cl in 
influent and in Dl 
water being 
subtracted due to 
Dl water system 
broken
6-Mar 50 7.4 6% 92.9806 1.34831 10.52
7-Mar 50 6.5 6% 64.7753 1.43541 1.3837
8-Mar 50 7 6% 80.4449 1.40845 2.159
9-Mar 50 7.3 6% 89.8467 1.42857 2.591
10-Mar 50 7.4 6% 92.9806 1.38568 1.86
11-Mar 50 7.4 6% 92.9806 1.36364 1.361
12-Mar 50 8.2 6% 118.052 1.42518
13-Mar 50 8.3 6% 121.186 1.39535 1.26
14-Mar 50 8.3 6% 121.186 1.36364
15-Mar 50 8.6 6% 130.588 1.45985 1.196
16-Mar 50 8.5 6% 127.454 1.40845 1.255
17-Mar 50 8.3 6% 121.186 1.42518 1.29
18-Mar 50 7.7 6% 102.382 1.41844 1.03
19-Mar 50 7.9 6% 108.65 1.38568 1.156
20-Mar 50 7.8 6% 105.516 1.41176 1.08
21-Mar 50 7.3 6% 89.8467 1.31291
22-Mar 50 7.5 6% 96.1145 1.41844
23-Mar 50 7.8 6% 105.516 1.39535
24-Mar 50 7.5 6% 96.1145 1.34831 0.72
25-Mar 50 7.9 6% 108.65 1.34831 0.8
26-Mar 50 7.7 6% 102.382 1.29032 0.69
27-Mar 50 5.4 6% 105.562 1.36054 0.7
28-Mar 50 5.3 6% 102.428 1.33333 0.575
















29-Mar 50 5.4 6% 105.562 1.33038 0.652
30-Mar 1.39535 0.5543
31-Mar 50 3.6 6% 97.1516 1.36364 1.7686
1-Apr 50 5.1 6% 96.1069 1.36364 1.3345 Dilution 3 times Stopped
2-Apr 50 8.8 10% 86.7052 1.3363 0.9958 Dilution 2 times
3-Apr 50 8.8 10% 86.7052 1.34228 0
4-Apr 50 10 10% 99.2409 1.32743 1.573
6-Apr 50 10.3 10% 102.375 1.3363 1.767
8-Apr 50 10.1 10% 100.285 1.30152 1.77
10-Apr 50 9.5 10% 94.0177 1.30435 0.43
12-Apr 50 9.6 10% 95.0623 1.35747 1.09
14-Apr 50 8.2 10% 80.4373 1.30435 0.345
16-Apr 50 9 10% 88.7945 1.32743
18-Apr 50 8.8 10% 86.7052 1.35135
20-Apr 50 8.8 10% 86.7052 1.32159
22-Apr 50 10.1 10% 90.1848 1.33333
24-Apr 50 11.2 10% 100.518 1.31291 0.32
26-Apr 50 11.2 10% 100.518 1.30435 0.45
28-Apr 50 11.5 10% 103.337 1.31868 0.41
30-Apr 50 11.4 10% 102.397 1.30152 0.43
2-May 50 11 10% 98.6396 1.2766 0.33 permanganate flushing 
10g/I4-May 50 11.2 16% 110.001 1.30435 0.33
6-May 50 14 16% 138.787 1.2766 0 AgN03 (0.0125N/I)
8-May 50 15 16% 149.067 1.3245 0.3
10-May 50 14.5 16% 143.927 1.33333 0.32
12-May 50 12.6 16% 124.394 1.26316 0
14-May 50 12.7 16% 125.422 1.30435 0.34
17-May 50 11.8 16% 116.17 1.39535 0
20-May 50 12.2 16% 120.282 1.3363 0
23-May 50 11.4 16% 112.057 1.3245 0
26-May 50 11 16% 107.945 1.30152 0
29-May 50 11.4 16% 112.057 1.30152 0
1-Jun 50 10.8 16% 105.889 1.30152 0
4-Jun 50 10.8 16% 105.889 1.35135 0
7-Jun 50 11 16% 107.945 1.40187 0
10-Jun 50 10.8 16% 105.889 1.41844 0
13-Jun 50 11.8 16% 116.17 1.42857 0 Plugged and adjust
16-Jun 50 12 16% 118.226 1.39535 0















19-Jun 50 12.8 16% 126.45 1.38889 0
22-Jun 50 13 16% 128.506 1.3245 0
25-Jun 50 12.8 16% 126.45 1.36364 0
28-Jun 50 12.2 16% 120.282 1.36986 0
1-Jul 50 12.4 16% 122.338 1.33333 0
4-Jul 50 12.4 16% 122.338 0
9-Jul 50 11.8 16% 116.17 1.36364 0
19-Jul 50 10.6 16% 103.833 1.41176 0
24-Jul 50 10.8 16% 105.889 1.40187 0
29-Jul 50 10.6 16% 103.833 1.41844 0 Pump broken 
stopped for one day 
(noticed leaking)
3-Aug 50 10.1 16% 98.6928 1.36986 0
10-Aug 50 8.1 16% 78.1318 1.38568 0
17-Aug 50 6.5 16% 61.683 1.38568 0
24-Aug 50 4.3 16% 39.0659 1.42518 0
31-Aug 50 3.2 16% 27.7574 1.43541 0
7-Sep 50 2.8 16% 23.6452 1.41176 0
14-Sep 50 2.6 16% 21.5891 1.39535 0
21-Sep 50 2.4 16% 19.533 1.44578 0
28-Sep 50 2.2 16% 17.4769 1.36364 0
5-Oct 50 2.1 16% 16.4488 1.37931 0
12-Oct 50 1.9 16% 14.3927 1.2766 0
19-Oct 50 1.8 16% 13.3647 1.40187 0
26-Oct 50 1.6 16% 11.3086 1.38568 0
2-Nov 50 1.6 16% 11.3086 1.40187 0
9-Nov 50 1.6 16% 11.3086 1.39535 0












11 -Dec 1.41176 32.4
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